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THE  OXYGEN ELECTRODS ' 

i 
! 

Technical report ITo.   '*. i 

! 
by I 

R.   R.   wi t-hsr spoon 4   Herma.ii Urb'i.ch,   Ernest Yeager 

and Frank Hover Ice 

Abstract  ~ 

The icinet-f-ssd of th? cxygsr. electrode 
studied on carbon surfaces by means 01 cathodic polarization 
raeasuramenta, ?hn  polarization has boar. determined by the 
inrlirsct nat'rr • >*},:-L electronic instrumentation.  The char- 
acteristics ci   the r ;en electrode have been obtained as a 
function of the typ = of c^rben surface» the nature of the 
electrolyte, ionic strength, pH, peroxide concentration, 
temperature, oxygen pressure, current density, time, and 
catalysts included wito. the carbon. r<n  the basis of these 
msaaurenents, the following conclusions have been reached 
concerning the oxygen electrode in alkaline solution; 

1, The oxygen electrode with carbon proceeds according 
to the K,^ch&nisni 

a) Oa(gaa) *• 0a( ads orbed} 

b) 2 e    +    0-(adsorbed) +  H20 *  HCC +  OH" 

f #- HO" +• 1/2 0a 
c) H0a 

I >•  electrolytic transport 

2. At apparent current densities as high as 500 »s./ciis3, 
the cathyuic polarisation appears to be primarily the result 
of concentration polarisation involving a) the build-up of 

M pcrhydrciiidG ion concentration at the electrode surface, and 
[; b) the depletion of physically Adsorbed oxygen at the sites 

of the electi'ccheftieai reaction. 

-. 
L 
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3* The electrochemical step (b) seems to be revsrsibla 
svsn at apparent cur-rant densitiea greater than 100 ma./craf 

k.  The use of a water-proofing component in the carbon 
electro'lvd is necessary to prevent the solution from filling 
the pores and capillaries in the carbon. Transfer of oxygen 
to the effective sites for- the electrochemical step (b) can- 
not take place effectively through solution-filled porec* 
The transfer process probably involves the surface .•nobility 
ascribed cfter to physically adsorbed species as well as 
gaseous di ffusion. 

5« The concentration polarization can be greatly de- 
creased through the increase of the oxygen pressure and the 
inclusion of peroxide decomposing catalysts in the carbon or 
the electrolytic solution. 

6. The elsctrochemioal reduction of the perhydroxide ion 
does not take place to any appreciable extent with any com- 
bination of particular types of carbons and catalysts exar-vinod 
as of date. The electrochemical formation of the HO3 ion is 
characterized by a lew energy of sefcivation because the oxygen- 
oxygen bond is not broken^ This is not true of the further 
reduction of HOJ, however. 

7. Carbon electrodes deteriorate more rapidly at current 
densities abov? 5° ma./cm? in sodium hydroxide than potassium 
hydroxide unless peroxide decomposing catalysts are included 
in the carbon. The formation of sodium peroxide in the pores 
of the carbon is >>3lieved to be responsible Tor this differ- 
ence in performance in the two electrolytes.. 

8. The oxygen cathode is capable of operating on pura 
oxyeen gas (1 atm. } at current densities in excess of i£0 
ma.7cm? for wee>s at a time with polarization less than 
O.l's velts. 

This report ft!so contains a brief survey of the 
literature relating to the oxygen electrode.  In addition, 
the concentration polarization at an ox7g©n electrode has 
been considered theoretically. The mathematical results com- 
pare favorably with the experimentally determined polarization 
data. 

"Tl 
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-  Prefaoe - 

In Technical Report No. 2 the results of prs- 

limir;ary measurements with the oxygen electrode 

were described.  Since the preparation of this 

earlier report in 1953# fehe investigation of the 

oxygen electrode has proceeded considerably further*, 

and the cxygen electrode is now more fully under- 

stood with respect to its performance in alkaline 

solutions. This more recent work is described in 

the present report. 

Much of this report i» based on the theses 

submitted by two of the authors (R. R. Witherspoon 

and E. B* Urbach) in partial fulfillsen* of the ?a~ 

quirement-s for the Ph.D. degree in the Department 

of Chemistry at Western Reserve Univarsity. 
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1 • W.M, Latimer#  The  Oxidation States of the Elements 
and their Potentials in Aqueous Solutions,'* Second Edition, 
frentic* Hall Co.,  Mew York.   1952,   p,   50„ 

1 

1~ 

irvrrr    AYV.1FTJ    "W":'iri' 

Pa:rt i» Previous Work on the Oxygsn Electrode 
and Related Systems 

The literature survey which felloes will he 

considered under the topics of theredynamics, static 

behavior, and dynamic behavior.. 
! I 

ji, Thennodynamic Considerations 

Theoretically any system of inert conductor and 

elecbrolyte may be considered an o.x.rgen electrode if 

molecular oxygen is directly or indirectly involved in 

the electrochemical process occuring at the eleetrode- 

electrolyte interface. Therefor©;, a prerequisite of any 

study in this field is a knowledge of the precise electron 

chemical reactions and the theoretical potentials associ- 

ated with oxygen. 

The free energy oxidation sto.to relationships of the 

oxygen system have been graphically illustrated in Figures 
1 

1 and 2 from the tabulation of Latir.ier.  of note is the 

fact that tha theoretically available free energy result- 

ing from the total electroohemi-ial redaction is three- 

fold greater in aoid than it is in basic solution. 

• / 

u ,i   fa 
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In praotics-j ?r.?ltiplo electron transfer processes 

generally occur IIJ a series or st&pa DOCPUSS of the 

large activation energy required to go from one state 

to another.  Of all the possible modes of reaction 

originating with relatively atnble molecules or ions. 
2,5 

the literature  indicates only tvc  appear to have 

sufficient velocity to warrant their study as possible 

source*? of electrochemical energy and as reversible 

electrodes. These are 

1} 2e + 2H + HsOa  ~ 8B80g 

1-e,, peroxide reduction to water in acid media and 

2} 2e + Ha0 + 0fl   »   HO a + OBj 

i.e., oxygen reduction to peroxide in basic media* 

The reaction involving the formation tt  superoxides 

is also fast,  Iii view of the r»pid conversion of 

superoxides to peroxides in the presence of water, the 

overall process is equivalent to reaction (2), which will 

be the primary concern, of this report «> 

Considerable evidence, to be presented later, in- 

dicates that the reduction of oxygen to peroxide e*in 

occur under relatively reversible conditions in 

alkaline solution. 

Yeager* Witherspoon, Urbaeh, and Kovorka, Technical 
Report No,2, Office of Naval Research- Contract No* N onr 
581 (00) Project No. NR 354-277 (1S52). 

~-l 

Weisz and Jaffe,  Trans.  Electrochem.   3oc»,  95, 
I 

—irr 
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Lwwia arid K&ndall calculated the st.endn.rd »,E5,f, of 

the oxygen-peroxide couple in basic solution aa follows 

3) 2e + Ha0 + 0S *  HOg + Olf j E^d. = 0,0*74 v. 

where E represents the standard potential or the oxygen- 

peroxide couole at unit activity oi" base and peroxide,. 

The potential or the hydrogen peroxide couple at unit 

activity of hydrogen ion i3 expressed by the equation 

4) 2e *  2H++ 0S *• HBCj, ;  E?©<S. = °»688 v. 

These bbeorotioal data have served to establish 
5 

the empirical validity of the measurements of Bomeraann , 

who had previously obtained a value of 0o63^c03 volts 

with an oxygen-platinum electrode in acidic peroxide 

solutions* This value is in agreement with the Lewis 
* 6 

and Randall value of 0.682 volts* W,G» Berl s extensive 

measurements with oxygen activated carbon electrodes in 

basic relation yielded the empirical value ~C042 volt- 

<?hich must be compared with the -0,074 volt calculated 

by Lewis and Randall* Tne discrepancy between the t«?o 

values (1290 calories) is small if one considers the 

accuracy of most thermal data and the fact that the 

4 \* Lewis and Randall, Thermodynamics and the Free 
Energy of Chemical Substances,* McOr&w Hill Co., New York; 
1923, F» 475. 

°K. BornsEsann, Nernst Festschrift, Knapc* Halle, 
1912, p. 118, 

bV,'.G. Berl, Trans« Elect.rochem* Soc. 65; 253 (1943), 

—is—•{ --• 

i 
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theoretical value ie a relatively small value ierived 

the empirical value itself requir«3 assumptions regarding 

the junction potential and the activity coefficients of 

the perhydroxide ions* 
I* 

B. The Characteristics of the static Qxygan 

1,  Poroxlde and Hydroxide Ion Effects 
ft 
y The static potential of the oxygen electrode should 

f. follow the licsr-nst equation. This can be ascertained in 

£ terms of the dependence of the potential on the oxygen 

k pressure and the activities of the hydroxide and per* 

i * hydroxide ions* The appropriate relationship originates 

from equation (?) which is associated with the oxygen- 

percxids half cell-iis.. 

5) £ 
^r-    „   (a,.,.- \( a. . ,. _ ) 

cylinder which was sprayed with a thin coat of activated 

1 

Electrode / 
—  /    i 

1 

f The it,,, and a.  ,,-rspresent the activities of the 

I species in the subscripts and the pressure of oxygen is /^_ } 

i i R is the gas constant, P the faraday, T the absolute j 

temperature,- and n the number or electrons. The data 

) of W,G, Beri as*e presented in Figure 3 and substantiate 
i 

the predictions of th9 Nemst equation which requires, a I 
! 

< 
I linear dependence of the potential on the logarithm of the 

i activities of the reaction ingredients. ' 
i ' ' The electrode of Berl consisted of a porous graphite I 

• 
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carbon In a toluene »»eth&nel solution of ethylcellulose0 

| 

II 
1 
is 
ii 

I 
§ 

1 
I 
I 

L 

is su^^lied to the 

inside of the cylinder so tlis.t the oxygen bubbles issued 

uniformly from ths external carbon layer* 

2,  Oxygen Pressure Effects 

Unfortunately no reliable measurements of oxygen 

pressure versus potential relationship exist* The data 
n 

of Winslow* were obtained in 2 K HaS04 with an active 

carbon electrode.  No fixed smouut of peroxide was addsd, 

and no effort was jme.de to measure the peroxide produced by 

transients.  The curve (Figure 4) vaguely resembles a 

logarithmic pioto The break in the 

curve at 745 mm. of Hg is the subject cf speculation by 

the author but does not warrant too serious consideration 

until experiments with adequate peroxide controls yield 
8 

similar reproducible results.  Hordesch and I2ari.Inola 

studied the potential changes produced in the cell 

Oa,  carbon/eloctrolyte/Zn 

with air (oxygen pressure 0.21 atnu ) and subsequently 

with a mixture of 99$ nitrogen and 1%  oxygen.  They too 

appefes* to have neglected a peroxide control. Their 

measurements required hours foi- stabilization.  They 

N*Mi Wlnslowr Trans * Elect roc hem. See,, 92, 411 
(194V ;„ "~~   ~~    '       ~ 

8 

(1953), 
Kordesch and Martinola, Monatschs, 84 ? 39 

I 
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i By subtracting the temperature coefficient of the 

i zine half cell they obtained a value of -7.4 x  10~*v./°c 

i 4.  Static Measurements V.ith Metallic Electrodes 

Thus far the discussion has been limited to oxygen 
t 

electrodes constructed of carbon in some form as the inert- 

electrode material. Theoretically any passive conducting 

reported 5. potential chang6 of 0*0-38 volt in G *f FOB j 

for tho 20-fcld variation in oxygen pressure- This is I 

in agreement with tho £S mv. calculated frets tho Hemst ,.| 

equation.  In solutions less alkaline, bov/ever, smaller I 

changes in the potential indicated, a loss sensitive i 

response to the changes in the oxygen partial pressure- i 

m At pH below 9 in the acid range a 20-foid difference in ' 

the oxygen partial pressure produced a change of only 

4 mv* or lass in the potential. 
i 

I 3.     Temperature Effects 

In Figure 5 ai*e illustrated graphically the thermal 

I Behavior of the oxygen electrode*    Bratslor    sported a 

temperature coefficient  of 3 mv./°c    in KOH without a 

I peroxide control, 
I 
t The temperature coefficient of the oxygen electrode 
at. ' 
• in 1 M KOH v?as measured in the cell 

0a, carbon/ 1 M KOE/Zn 

without a peroxide control by Kordesch and Martinola. ' $ 
8 i   . 

-4„   /0r | 

• 

: 

9V       _ i! 
It.  Bi-titif.lerf   2. Elektrocham..   £4.   81   (19t'0)B • 
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Electrolyte 2 N HeSO* 

0       kOO 800      1200 
partial pressure of 0a in nan. of Hg 

Potential of the 02 Electrode In 2 N HaS04 
versus Oxygen Pressure7 

Figure U 

/ 
/ 

1      2      3       U 
current density aw./cm? 

Current-Voltage Curves for Various Temperatures'? 

Figure 5 
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material, might  act as an oxygen electrode*     In 

practice the degree ox'  reproducibiiity obtained with 

metallic el«ctrodes has been disappointing*    The 
10 

work of Bain      with the noble metals indicates that 

greatest  reproducibility is obtained only  In basic 

solutions where values for the various metals most 

nearly approximate  one another.    The time period re- 

quired for attainment  of the limiting equilibrium 

values were of the order of weeks*     Since thess values 

wez-e  subject to the  source experimental  restrictions as 
7 

the data of Winslow.  relatively little thsrmodynanic 

significance nay be ascribed to them* 
•z. 

V.'eisz and Ja£fe~ tested electrodes of sintered 

silver uiid nickel using known concentrations of per= 

oxide in KOH,  The silver showed a response of 0,043 

volt for a tenfold change in the concentration of the 

peroxide while ths nickel was insensitive and showed 

no change in potential with changing peroxide concen- 

tration-. These values may be compared with the nal» 

culated value of 0.050 volt and the experimental value 

of 09034 volt obtained with an active carbon electrode* 

Dynamic cheeks of the static reversible values 

for metals at pH of 7 and 1 were obtained by Iiickling 
11 

and Wilson  from polarogr-aphic half wave potentials. 

In neutral solutions the theoretical value plus their 

10 
E.G. Bain, Trans. Electrochem. Soc, 78, 183 

(1940 )„ — — 

/ 
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18 drop HAH  0.42 volt #hich compares with the ob- 

served average or u.46 volt for- platinum, gold, nlokei.# 

and graphite microolectrodes.  Ir. acid solution the 

observed average was 0.80 volt compared to the theoretical 

values of 0.79 volt. The moat divergent values were 

obtained with metals which were good peroxide catalysts* 

This indicated a sensitivity to the presence of peroxide 

by nickel and other metals not found by Weiss and Jaffa* 

C. The Dynamic Electrode 

1. Anodic behavior 

a. Oxidation of peroxide? —The anodic oxidation 

of hydrogen peroxide on plaxinum, gold, nickel, and 

graphite mioroelectrodes was studied by Hickling and 
11 

Wilson  in alkaline, noutral, and acid solution* The 

current efficiency was determined by measuring the 

amounts of oxygen produced per quantity of charge. The 

correction for the catalytic decomposition of the per- 

oxide was neglected.  If this error is not considered* 

it would appear that at all pH ranges, providing the 

current density is not excessive, peroxide is quanti- 

tatively reduced to an oxygen molecule for two faradays 

of charge* 

b.  Concentration effects. —Hickling and Wilson 

found that the half wave potential increases almost 

nhl 

/ 

ii 
Hiokiing and Wilson, Electrochem.  3oc. 

!   | 
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linearly with the pH,  Increasing peroxide increases 

the half save potential in an irregular fashion at all 

pK ranges with tba exception cf platinised piacinum 

microelectrodes in acid solution* 

\ 

•—-i 1 —, i 

i 

2„    Gathodic Behavior 

a. Experimental and practical cell types0 —- A 

brief Stannary of some cells which have appeared in the 

literature is presented here with some mention of 

current-voltage characteristics at the risk of later 

repetition before formal current efficiency and pclarisa. 

tion data are discussed. Most of the3e data will be 

unsatisfactory for quantitative interpretations siiiue 

they represent the sum total of anodic polarization, 

and IB drop In the electrodes and electrolyte as wall 

as cathodic polarization. 
12 

Martin van Marum noted that Volta 8 pile was 

more energetic when placed in an oxygen atmosphere» 
15 

Eiot and Cuvier discovered gas adsorption by the pile 

and increasing polarisation upon depletion of the 
14 

gaseous supply?  Adie  observed that aerated water 

activated a platinum-sine couple* 

15 
'a,  VHLS Marua,   ton, Cfais.,  41,  77  (1801 )„ 
5 
Biot and Cuvier,  Ann.  OMau,   59,   242   (1801). 

14 

i       I 

R.  Adie,   Phil.  Mag..   31,   5-50   (1847). 

I        !__- 
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The reknotiTned Grove cell  was simply a 

milnlnwle acid solution with platinum electrodes in 
1* 

contact with hydrogen and oxygen» Leclanche  obtained 

an improved output from his manganese dioxide cell by 

exposing the upper part of the MnQB carbon mix. only 

partially wetted by the electrolyte, to the atmosphere. 
17 

L. Uedche  (1873) attempted to fabricate a true air 

depolarised cell by replacing the manganese dioxide with 

platinised carbon. This mix was exposed to the atmosphere, 

An improvement on the Orov© cell was effected by 
* 18 

Mond and Langer  by passing a mixture of steam and 

oxygen, and steam and hydrogen respectively, over per~ 

forated platinum black coated electrodes. Table 1 
i 
j presents polarization data of these and other workers. 
i ^       19 
i Eofraarm      contrived a call of copper electrodes in 
I 

KCU employing carbon mcnoxi.de as the anodic material 
| 
S and oxvrren &c the depolarizer. The combined cell 
t 
i 
- _ _ ___ _. __ — 

I • W.R. Grove, Phil. Mag., Ill, 14, 127 (1833)* 
I lg 

[ 3» Leclanche, Los Mondes, 16, 532 (1868)6 

T7 * v 
L„ M»ir,he4 as quoted in Primary Batteries 

p* 216o 
I 
t 18 

Mond and danger. Proc. Roy. .Spc.t. {Londonj„  46, 
1 -ecu \xooy /. 

T Q 
'r.cA. riofmann,   Bar.,   51,   1526   (1918), 
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Tinlftrlzation was C72 volt at  only 0«B na./ein: 
i 

Oxygen electrodes of porous and platinised porous 

carbon versus zinc anodes -were c.tudied by 3. Vo Naray- 

f 20 
> Szabcs  Oxygen was blown througn the cents ? of the 

electrode via the pores. 

! Lamb and Eider  immersed a platinum electrode in 
t 

f' an acid solution of ferrous sulphate containing a 
a 
jj susp- nsioii of active carbon.     The potential was  that of 

| the ferrous-ferric  system maintained in the  oxidized 

• state  by aeration with air or cxygsn.     Currents  of 21«5 
I /      2 

ma./CHia     at 0*053 volt polarization were  obtained* 
22 

I At the suggestion of E, Baur, J. Tooier 
| 

compressed active carbon granules, previously water- 

proofed wi'ib paraffin, into porous plugs through which 

were blown air or oxygen. 

By employing an active carbtsn zneubr-ane of thin, 

gas pemiesble material in alkaline electrolyte (vs. the 

hydrogen electrode), current densities of 20 to 30 

/  2 iuu*,——  have been obtained at room ueripsrature and 

* 

m 

t       2 iCO ma./em,     at higher temperatures  according to 
22 

Spiridinow;       He sosjstnicfced his  electrode by pressing 

the active carbon upon a wire grid with rubber cement* 

I r.   .   .   __..   J*        23 

I 
i   1 

I 
I I   1 

20 
"wSt.  v.  Np.ray-Szabo,  2.  Elektrochesu,.  3J3,  18 

U927). 

21 I 
L&2b and Elder,   J.  Am,   Cfaera,   Soe.a   53.  162  {1931), I 

22 i 
Ji  Tobler,   Z. Elektrochem-,,  39,  148   (1933).                                               !. 

23 
P. Spiridonow, Kovost-i Techniki, 7„ So, 1, 42 # 

(193SK "—  I 

| 
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Kelse, Schumacher, and Wimslmv ' developed a 

commercial, activated carbon-alkali zinc cell which 

operates successfully at 7.2 ma ./cm*  with little po.lnr- 

ization« 

The electrode of W.G. Berl" has been discussed. He 

obtained currents of 150 ma « /cm0' for short periods with 

little polarization using oxygen. 

Jpecial combinsitions of heavy metal catalysts on 

porous carbon electrodes -«v ere employed by Kordecch and 

25     * •  6? 
'larko  to seuure_cDnti;;vuo currenta of 30 na*/esa» 'using 

only air. "he reproducitiiity of their cell w;.s applied 

to the determination of oxygen in pases with a sensitivity 

b.  iieduction of ox.-j<?.ev. te peroxide, -—Truubo 

has shown that- at noble metal electrodes in dilute acid 

solution oxygen is reduced to hydrogen peiroxide with a 

current, efficiency of 10C>J^, but that simultaneous 

catalytic decomposition reduces the actual yield. 

The process of cathodic production of IIs0K devised 

27 by I'.. Berl   Was claimed to produce dilut* perc/.ide in 

alkaline solution at current efficiencies of better than 

! i 

Heisss   Schumacher,   and Fiacher.  Trans,  hlectrochem, 
§M»-M fiSU M» (1947) ,  "" 

J uMarko and Kordeuch,   0stoxT„  Chem. Z. ,   52,   125 
(1951).  

BE 
!«.   Traube,   her.,   15,   2434   (1882). 

\19«')S)<: 
K.   Berl,  fi'rai?q»  Klectroch^n,   ';oc ., r>r        '"~.Q 

h 
i 
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90^.  lie stated that yields In acid solution wore noor, 

1.V,G. J3erl' reported that current efficiencies of 

100^ wore vbtainod with an activated carbon surface 

uprayed on a porous f?r..phitu base for current densities 

up to 450 -a./cm.2 in alkaline solution. This result 

contrasts favorably sixth an extremely low efficiency he 

obtained v/ith graphite alone.  The effoct of the peroxide -•  j 

concentration, pH, pressure, and rate of oxynon flow on i 

current efficiency data were not determined. 

3'ucn data have been presented in a qualitative fashion I 

by Churchill  in the cuse of one metal. Formation of ' 

hydrogen peroxide by aluminum electrodes definitely appears j 

to be a cathodic process. Two aerated electrodes of I 

'•        ! aluminu:.., corroding under static conditions, may produce 

approximately equivalent amounts cf peroxide, but with the 

uDolic-ntian of increasin-r potentials, peroxide formation is 
1 

accelerated at the eathode and depressed at the anode 4 

The relative effects or pii are indicated in the results 

from aerated aluminum electrodes.  In 1 and 0.2 N 

i;sso4> b%  KCL, and KJBSO^ peroxide was detected in lar^a 

amounts, whereas in 1 and 0.1 » KOJI, peroxide was not 

detected•  «7ith bfo  Ki.:03 only a faint trace resulted. 

Ihe rate of production of peroxide falls off with I 

541  (1939). 

1 .1 
: 

I 

J.R. Churchill, Trans, hlectrochem. Goe.. 75 I 

--** 



H 
lo 

2B  _ I 
• i vi increasing peroxide according to Churchill,       it  Is 

i 29 
I known that the  rate  of decomposition is first order"" 
[i 

in p«?0"id» and th« reduced «v?:?age peroxide production 

/ is probably indicative ef a decomposition rate approach- 

ing the production rote.  In this connection, Weiss and 

Jaff*> obtained a logarithmic curve which flattens 
• 
I asymtotically to a maxlnum peroxide concentration with time I 
I at a gisren current density• 

f In all cases,  Churchill  observed that an excess 
if 

| of oxygen was essential to the generation of peroxide* 
| 
. This was explained by the electrochemical reduction of 
6 m 

I      . peroxide at th« cathode. 

29 
Barb. Baxendale, George, and Kargrave, Trans. 

Far. Soe„, 47, 473 (1951)* 

/ 
/ 

t 

I 
i 

V»'eisz and J&ffe" passed a current of 0.01 amp./cm.c i I  ! 
through a cell containing a knonm peroxide concentration 

with graphite and asrciu-y cathodes while permitting an 

Identical cell to remain st&tic ss a control- After a 
i 

measured amount of time, host and control w*»re analyzed j 
l 

for peroxide, Though no electrochemical reduction , 

occurred In 5 mols.1 NaOH, In saturated NH4C1 a consider- 

able amount \;as electrochemically reduced. They noted 

that wnen aeration was simultaneously permitted to occur j 

no peroxide was electrochemically reduced. This indicates 

that oxygen competes mere successfully for electrons than ! 

peroxide. Thus the reaction I 



20 

7 
1 c.  pll and cation concentration effects. — The 

20 
results of St. V. Haray-Dzabo  contain the IH drop 

j 
j within the  solution,   and no atter-.pt was rr.ade to ccn- 
T 

I 

trol or ascertain the concentration of pcrhydro::ide 

ion.  This investigator furnished qualitative data 
i 
P (Figure £}  on thu bohuvlor of polarization curves in 

solutions of v;.ryin^ pll.  ITis cell VJV.S  constructed of 

a porous platinized carbon cathode and <? sine anode 
m 

with a nercurous sulphate or nercurous chloride reference 

electrode depending on the electrolytes.  These were high. 
r. 

ly conducting solutions of 2 H KaSQ*, 27$ NII^Cl, and 15% 

I NaCH at pll values \J£  0; 3.4, and 14 respectively. 

I d.  Catalytically activated carbon electrodos.— 

tolarisaticxt) data for carbons activated by various 

processes are usually subject to the faults previously 

mentioned since they include IH drop and anodic polari- 

nation*  In addition the measurements were generally 
I 

Bade without adequate  control  of peroxide concentration, 

and often vz.thout control  cf  saj*T derived from the 

aoiutxon  of an  active metal  anode. 

Figure 7 presents a  comparison  of catalyzed carbons 
p 

used by K.   Brf-.t-zler  - 

i I Lio.it interesting are the "carbone  and silver activated 
J \ '•  •' carbons.  For a comparison of platinized carbon and non- 

activated carbons soe Figure G. 

«5 on I 

+-• 

\ 

I 

I 6) 2e + Oa + 2H
4"— H«Oa 

is much faster t.-.an the reaction 

7)  2e + HaOa + 2H
+ • 2HW0, 

/       i 
/ 

\   i 

Ha 
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22 f  1 I 1   I Quite often the cathodic material is activated ! 

with a metal which (fur iron being passive) dissolves 

in the el itctrolyte.  This has been the cas  with nickel 

and copper catalysts in strong alkalies so that it is 

quite possible that the catalytic action occurs in the • i 

1 

i 
peroxide decomposition ar-e described In Part V. 

Catalysts ui-e usually derived from elements of variable /' 

valence.  Examples are the pyrophosphate ion described by 

Lamb and fcldor,   the cuprate ion by Weisz and Jaffa,*' 
•2 A i 

and iron in acid solutions with traces of copper,"^ 

a.  Metallic oxygen electrodes. =--The metals tested 
po \ 

by Tcbicr  were iron, nickel, chromium, nickelin, 

eonstantan, manganin, silver, and copper in the fern of \ 

fine wool mesh through which was bubbled oxygen gas*  In 

general the passive metals were such poor electrodes j 

that it was difficult to detemine whether the depolarising i 

action was due to t he oxygen or the stirring offect of the j 

av.Q  bubbles. Copter and the transition metals could not I 
i i 

be prevented from dissolving in the strong ulkallt I 

Steel and silvered copper gave optimum results. 
19 

iiofnann 9  copper- copper oxide electrode in ; 
o 

carbon monoxide cell delivered only 0.6 ma./cm. i 

31 I 1.1. rlnobol  made the suggestion that porous 

30 
,  Xolthoff and Parry, J, Am. Ghent, Soc, 73. 3718 

vissi/c  — •*^1 

U.  Knobel, Ind. Eng, Chore,. 17, 626 (1925). 



carbcr.  slectrcKio.j bo  electroplated with various .-uet-.'.l?« 

to control   tiie  o^-crvn] tr.r-e.     The application  of IMi   Iii«! 

to practical  dcpclcu ikiat Ion problems  has been  alight. 

Petals  huve  found  u;..p] uywent   in  hif-h  temperature i 

i\:.e~i  ceils  ,/Ith var;/inr  tlenrt*--- o"  syocti^a.     iron coated 

wltL   the   oxides,   silver and molten  silver,   lead,   nickel 

and the  platinum metals   exh.ibii<;ii butter per f em.; nee  than y' 

v/ould be  oxpecU.d  in  aqueous;   Solution at  room  tenper^ture 

but   SID curr.-nts v/cre  still  only 15 to  20 Eia = /c« = c v/ith 

conside^-iiwl s polarization  in most  S.nats^ces. 
9 

ft.     Temperature   effects»     --E-.     Bratzl'-r* s     polari- 

zation curves  of temperature  dependence  were made without 

a peroxide  or metallic   ion control   (see   figure ?}»     ile ] 

attributed the flattening  of the curves   ot  higher 

temperature to tiie fact that the peroxide concentration 

at' the  electrode   is   decreased by nigh temperature   induced 

decomposition.     A  temperature  coo filelent   of -3 mv./'C  v;  s 

obtained  in  tne   rrn^c   of  12 to  ?§r O  at  5 ma./em.~= 
P. 

Kordoofth  and hartinoia    h, vo  studied the   effects  of 

temperature  on dynanic  oxygen-carbon cathodes  in I!   I! 

KOTi  solutions frcrv  12 to ob "'"     and   .t  a current  of 5 r/ia./ 

cm,£ =    vho te.uipc,-aturt> coefficient MLM  round  to be Co 

mv./^C^     Like  Br;;tzlor these   workers   failed to er-.ploy a 

peroxide  control0 

i ~JL 
-i   h 



Part II. EXPERIMEflTAL  PROCEDURES I-'Oit •HIE 

STUDY OF THE QXYGEi: ELECTRODE 

A •     Methods 

Pour methods for obtaining information about the 

electrode polarization are discussed below* 

W.G. Berlj Trans* Eleetroohem, Soc. S3* £63 
(1943 )„ "  •" 

k 24 

i 
! 

*-i 

1. Static rceasurc'.ncnta \ 
i 

Of prime necessity is a knowledge of the overall / \ 

chemical reaction responsible for the electrochemical .'-^ 

energy. The static measurements of W.5» Berl were 

undertaken to exploit the predictions of the Nemst 

equction for the assumed half cell reaction.  Thus 

the expected slope of the e.m.f. versus the activities t 
i  • I  i I of the participants of the reaction was obtained and ,- 

| substantiated the theory that oxygen is in equilibrium 
i * i 
[ with the perhydrcxide ion at- the oxygen electrode. j 
[ ; 
I This technique was extended to the stxidy of electrodes 
j   - ; 

of activated carbon catalyzed with heaw metals« 

I 
\ 2. Polarization versus Current Density 
i I i Experimentally determined relationships between 
s 
' current density and overvoltage may be used to verify 
\ ' ! 
! the theoretical deductions concerning the mechanism 
! p i 

of the process in the manner of Tafel" et ai» | 

! " \ 

I 

i 

•i 

! * 
wftl 
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Theae relationships include the additional 

variables of temperaturet  and concentration of the 

reactants and products* 

3* Current Efficiencies 

Current efficiency data yield additional inform- 

ation on the main electrochemical reaction and reveal 

the presence of possible side reactions*  Thereover, 

they furnish information on the specific decomposi- 

tion rates of peroxide under various conditions. 

4. Tracer Techniques 

Tracer techniques involving the use of 0" 
1Q 

3,4 
have been employed by Taube   and his students to 

obtain inforaiation concerning the mechanisms involved 

in catalytic and phot^fhamical decomposition of 

hydrogen peroxide.  The implications of this work 

will be discussed later. 

B- The Measurement of Polarization 
 , ,—^~_ -. • .-,.  

: 
1,  Instrumentation 

The indirect or commutator technique has been 

used for measuring the polarization in the present 

research. With this technique, the polarizing 

2, 

-a—j 

/ / 

J. Tafel,   S.  ?hys>  Chea.,  5£»   041   (1905). | 

, Cfchili ai;d Taube,   J>  Arn^ ghgg«  Soo...  7£»  23:L2 I 
I (1951). 
'I 4 i Hunt and Taube,  ibid.,   5999 

h 



26 

j, currant through the electrode* is periodically 

interrur>*..ed for short periods during which the po- 
\ 

tential  of the polarized electrode is measured rela- 

7 tlve to a ix>fer-«nco electrode•     If the potential 
i 

.____ A-  j_  -s _  J .:J ^L-I„ **-..in -.._j «_  juv >*  Jl •» 

terruption of the polarizing current, the voltage 

of the polarized electrode ?nay be obtained v ithcut 

including the IR drop associated with the current? 

With adequate apparatus the indirect method also 

| permits quantitative InfoxviHtion to b« obtained 

concerning the rate of build-up as well as decay of 
ft 
w 

the polarisation.  In the past, many workers have 

objected to this method on the basis that the polariz- 
i 

ation decays an appreciable amount between the time 
i 
• 

| when the current is interrupted and the time at which 
i 
| the potential is sc&aured. A3 s. result, accurate 

!• (ja-y.fi supposedly csnrot be obtained for the .s^".«Ad*"'« 

5,6 
electronic instrumentation,   the potential 

measurements can be made within a period of the 

order of 10  sec, following the interruption of the 

T>olari?-in" current. The ficount of decay that occurs 

Y, Schuldiner and D» White, J. Electrochem» 
Sec, 97, 433 (1950).  D. StaicopouXos7~E. Yeeger, and 
STUovorka, ibid., 98, 68 (1951)• 

OKI-. Technical Report No. 6Z  Ultrasonic Research 
Laboratory j Western Ileserve University, (April, 1951), 
Contract Ho. 137 onr 47002, Project No. NR 051 162. 

! 

1 -4- 
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id.thin one micro36c- is probably negligible TOP 

all cases with the possible exception of metal 

electrodes v/hich acquire passivity,, 

The indirect method was vsed for the majority 

of the polarisation measurements in the present 

research because it does not impose serious physical 

limitations on oell or electrons design and presents 

more information (i.et, build-up and decay of polariz- 

ation). 

In Figure S is a diagram which partially indicates 

the type of infosejation to be obtained with this 

apparatus*. The symbols GJ A, and R within the circle 
»   * 

warkaa ceil 

/ 
/ 

r~ Current 
Control 

Cell 
C /""^A 

-1— 
NY 

iiflng 

•®" 

VU  -*f 

Figure 9.—-General Form of Apparatus 

represent the cathode,  anode,  and reference electrode. 

respectively.     The block labeled    current control 



s- 

represents tho apparatus for interrupting the 

polarizing current through the cell» The current 

passing through the cell is controlled by the 

electronic apparatus and is independent cf the cell 

voltage or impedance, The peter.-:iftl may be determ5.ned 

between the cathode and reference (Vx), the cathode 

and anode (V8)? or the anode and reference (V3} 

at any instant following the Initiation or- interrup- 

tion of the polarizing, current with an electronically 

operated potentiometer arrangement* 

The general characteristics of this apparatus are 

summarized as follows: 

1. Polarizing current: variable from 10" through 

0,50 ampo 

2, Interruption frequency: variable from S 

through 20,, 000 per &ec, 

3„  Interruption period: variable from 3 micro- 

sec, through 0.10 330^ or half the repetition period 

(whichever is shorter)* 

4. Duration of potential measurements approxi- 

mately one micrccee.  (variable if desired) 

5. Accuracy of potential measurementi 1 mv- 

(better accuracy if measurement period is longer when 

using gated bridge detector3» 

6. Relative time of potential measurement; 

variable from one micro3ec. following current Inter-, 

ruption through 0»10 sec- or three-fourths of the 

repetition period (whichever is shorter). 

-3l*-f 
—f 

•   i 

i 
• 1 
t   1 

i 

/ 
/ • 

i 

• 

• i 

« 

! 4— 
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i 

In addition,  this apparatus provides information 
! 

cor.cew''i'1" gjinrtio  RQ well ««« eathodic polarization 

/ simultaneouslyo 
( 

In Figure 9 is a block diagram which indicates 

j the function of the various components of the apparatus0 
i 

Details cf the circuitry for this instrument are given 
6 / 

eleewhere*  The blocks labelled M, Ax, Uis and Aa 

furnish the variable frequency square wave which con- 

trols the current interruptor I. The units in blocks 

08, U3# Aa, *«,, and the block labelled ''gate " control 
• 

i 

the time after interruption and the duration of 

measurement of the bridge detector. A switch permitted t 
j ; 

the direct coupled amplifier (Tektronix model 112) 

arid oscilloscope (Tektronix model 511 AD) to visually 
a 
i 
j indicate the null point. This method of detecting the 
j 

null point provided a sensitivity of 5 mv./cxa« 
m 

The tir.e of interruption for most of the work 
. i 

H 
was  2C0 microsec*  wiiieh was one  th?rd the period of 

i.      » 

current flow. By means of the visual method, measure- 

ments were made within one microsec. aftsr the cessation 

of the current with & time of measurement effectively 

zero. 

Current densities were obtained by dividing the 

polarising currant aeter readings by apparent areas 

j accurate to within 2%*    The areas were defined by 

i ' glass tubing of diametoi- 1...L3 cm- - j.%,    The meter 
ii 

[ » •• .. 
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readings ware approximately 2% accurate on ths 

lower parts of the scale so that the relative 

error in the current densities ?/as Z?39 

2, The Experimental tfell 

A diagrammatic sketch of the cell a*vs a condensed 

block diagram of the electronic apparatus showing the 

cell relationships are shown in Figure 10.  An en- 

larged cell schematic is shown in Figure 11. The cell 

was simply an open 250 ml. pyre* beaker with the 

electrodes clamped in place. The separation between 

thfi anode and cathode^ was limited to 1 cm. since 

greater distances resulted in IR drops which se\'erely 

overloaded the direct-coupled differential amplifier. 

Smaller electrode distances were unsuitable due to 

interference caused by the oxygen bubbles in the 

vicinity of the anode. The reference electrode was 

located as close to the cathode as conveniently possible 

£G that overloading effects in the amplifier were 

minimized. 

Oxygen *«s supplied from conventional high pressure 

cylinders through a standard reduction valve system via 

rubber tubing to the electrode assembly. The pressure 

of the oxygen fed into the back side of the electrode 

was measured by an open end mercury manometer, while 

the pressure at the electrode surface was determined by 

the fixed static head of the solution above it.  Th<:; 

velocity of the ^/<x~  flo« was determineds therefore, by 

the pressure differential between the delivery pressure 

-*H~i 
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the active ee.rbon surface layer- 
I 
a Ore hundred milliliters of the electrolyte were 

placed in the cell whrlch was supported in a thermostatlc 
I      . 

bath at 25-0 „IL C« A fixed amount of hydrogen peroxide 

1 
J~.  i 

! •M 'j 

and the  static head of tire  solution 6.bove the  electrode- \ 
i 

The rate of flow of the oxygon through tho plug | 
I 

was found to have no effect en the measurements as long 

as there was a slow stream of bubbles Issuing through the 
• i 

face of the sitetrade.  Excess g=~ pressure was avoided j 

since it caused partial blocking of the face of the 
i 

electrode with bubbles and in certain cases destroyed / 

was added to the electrolyte to stabilize the static 

;  i potential of the electrodes (0.01 M in He0a) except i 
'••     ' I 

where  the effects of   greater or lesser peroxide  concen- 
| j 

! trations were desired. 
i !  . 
I Before an electrode was lowered into the solution, 

? 
' the oxygen gas pressure was turned on to avoia sucking 

electrolyte into tne exectroda holder. After immersion 

the static potential of the electrode relative to the 
i 

^reference sras checked before being oolarizedo 
I 

In applicat^ nTis Involving the use of a reversible j 
l 

reference,   electrodes were replaced if the potential  of 
i 

i 

the static cathode versus reference was 2 JRV. or more. 
! 

If another reference such as the mercuric oxide ! 

or saturated calomel was used, the static potential j 

was required to agree with the theoretical value &s 

modified by the concentrations of alkali and peroxide j 

presents •! 



35 

".Vine t her the electrode w; s of air call carbon or 

the sprayed ty^e (see Pert II, 3a), the initial polarizati 

was always high and drifted to a lower sLablo value. 

After the steady state of the electrode was established, 

the current was reduced to zero and tho polarisation 

measurements were carried out wfith increasing uuirent3- 

On completion of the polarization measurements, the 

potential of the cathode versus reference was checked for 

agreement with the initial value a short time aftt»r the 

current way turned off.  By subjecting the cathode to 

prepolariaation, the polarization data were reproducible 

(in tho case of sprayed active carbon electrodes) at all 

current densities. 

m 

i 

3,  Preparation of Electrodes 

for the majority of the me y~ur orients were constructed 

as thown In Figure 12.  The vertical section of the 

holder, 25 cm. ir length, was of glass tubing with a 

6mm. inside diameter, and the horizontal electrode arm 

was of 1.13 cm» inside diar.etor tubing living an open 

end of 1 ei:\.r~',.     A small cop;:er tube sealed into the upper 

end of the vertical tube served both os an inlet for the 

oxygen and as an electrical contact to the lead from the 

commutator. 

<" vertical electrode of the type 3hcwn in Figure 13 

was ui5c-d iii static measurements. 

i I r"sa 
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lars?e air cell carbon block with a tubular cutter so 

i 

A typical electrode of commercial air cell carbon 

was prepared by cutting a cylindrical plug from a 

I 
i 

that the plug wag slightly larger than the glass holder 

! 
| mentioned above* This plug was ground to a close 

fit in the holder and then S6alsd in place either with 

rubber or Genco plicene (alkali resistant) cement. 
I 

Electrical contact was made to the carbon plug by 
• 
I means of a soring on one end of the lead wire which was 

• forced into bight contact with the carbon plug, The 

other end was soldered to the copper inlet tube* 

Electrical conductivity was checked after assembly by 

immersing the face of the electrode in a pool of '- 

mercury and measuring the resistance from the mercury 

to the copper inlet tube. A satisfactory assembly 

registered less than 1 ohm.  Others were rejected- 

In making electrodes with a sprayed coating of 

active carbon, the plug of air cell carbon was re- 

placed with OTIO  made of porous graphite, v/hich was cut 
i 

and  sealed in place in a manner similar to the above* 
• 

The porous graphite used for this purpose was secured 
• 

i'rero  tha  National Carbon Company of Cleveland,   Ohio,, 
i 

The porosity grade most commonly used was  No.   30  since 

j the pores of this material  did not plug with the active 
i 
| carbon particles as readily as those of the finer grades, 
i 

I Electrical contact in this case was made in either one of 

ji two methods.  In the first a copper wire u'ac forced into 

•• 

ras • i mail •• ••• 
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a small hole which *as drilled into the long plug 

of porous graphite and retained with a small drop of 

3oider:i  In the second method t-hs bac?,c end of the 

graphite plug was copper plated from an alkaline 

cyanide bath md the lead wire soldered directly to 

the copper layer; The copper deposit did not restrict 

the flew of gas through the plug to the solution,  After 

the plug was cemented In place the lead wire was soldered 

to the gas inlet tube as in the case of the air cell 

electrodes.  Of the two methods used the latter was 

found to be more satisfactory., 

b. Application of the activated surface, --After 

the elect-rode was assembled, the active carbon was 

applied to the porous graphite in a manner similar to 
1 

the technique of V/.G* Beri »  The active carbon material 

was suspended in a solution of rubborj, polyethylene. 

or other wetproofing agents in an organic solvent such 

as benzene and sprayed upon tho porous graphite support* 

The typical carbon suspensions were made by using 

an active carbon of 200 mesh or finer and adding it 

tc a hot eclution of binding agent, e_«_g» polyethylene 

in an organic solvent such as benzene or toluene. The 

amount of binder most commonly used was b%  by weight of 

carbon.  After mixing, the suspension was cooled to 

room temperature and sprayed onto the porous, supporting 

graphite under ej-s infrared lamp while a slow current of 

air was drawn through the plug* The spraying was 

j 

1 
i 

/ 

i _.»  -H- 
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continued until the coating was from 0.1 to 1.2 wpn« 

in thickness «nu uhsn us<;«u at iSv. Q fox"- ten minutes. 

The elecfci'ode was then ready for use4 

c. Carbon Biateriais used^ —The air cell carbon 

used in making the preliminary measurements in IlaOH 

solutions was obtained from the National Carbon Company 

in Cleveland. Ohio, This material was the positive 

eieeix-ode from one of their large air cells produced 

primarily for railway signalling purposes. The outer 

one-eighth inch of the block of carbon was apparently 

most activated.  Since this material had been completely 

processed, it possessed considerable resistance to 

wetting by alkali and required no additional waterproofing 

The carbon employed for making most of the oxygen 

electrodes was of the type used for decolorizing purposes* 

Purchase d under the name Kuchar C from the .7 

Pulp and Paper Company, this material had high specific 

volume and was finer than 200 mesh which fact made it 

ideal ior suspensions. The actual surface area of the 

material was not determined, hut from general factory 
7 

specifications for active carbons it was probably about 

800 meters per gram 4  Othor carbons 3cid under tna traae 

names of Nuchar W« rluchar jtO.- Nuchsr Vegetable Charcoal, 

and Kallinkrcdt N.P, IX Activated Charcoal were employed 

in suspensions as well aa carbons such as amimal black 

rK 

E-.B«i-lf  Trans,   Faraday soc« .   34,   1040   (1938), 

-4  
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ar-d blocd eharccal.     Sraphite  posrder from ftigh purity 

sp^ctegraphic  electrodes was  also used for the  purpose 

properties of these  carbons will be compared in   Part 

IV* 
JI ^ - , _ a xno H.ppj.icat>iOii (.'i. uai>Kiy<.ou tfiibon ±t»u».icr than 

ordinary carbon in the film of the oxygen cathode re- 

sulted in decreased polarization.  Carbons were pre- 

pared with silver, copper, cobalt oxide, and' platinum 

among other metals.  In a typical treatment 10 grams of 

oui active carbon such as Nuchar C were made into a sus- 

pension with 100 ml. water.  The silver was added in ths 

.fonn of the amino complex, the quantity depending on how 

much silver was desired in the final product, The 

mixture was then heated to 50°c. and the silver solution 

reduced to siivar metal by the addition of 3odium 

hydrosulphite with rapid stirring, After the suspension 

was filtered and washed to remove soluble salts, the 

residue was dried and boated until the carbon began to 

oxidise^ The oxidation v?e.s peimitted to continue 

while the carbon mass was stirred until about 10j£ 

loss in weight of the original oar-bun was incurred,, 

The carbon was than cooled to room temper- 'rare and the 

tinder added in the normal fashion.  Thtj suspension 

was then ready for use» 

The above procedure was modified to deposit- copper 

on carbon by replacing the silver salt with a copper 

salt before th« reduction with sodium hydrosulphite<. 

In a similar manner active carbor: has been treated 

! 
! 

11 
B 1 

• 1 

'1 
! 1 

I 

! 

i 
• 
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with cobalt salts so as to produce a carbon notarial 

containing cobalt oxide as the catalytic material* 

A suspension of the active carbon in water was i revise* 

with a solution of cobalt salts, the amount depending 

on how much cobalt oxide was desired in tho final 

product. After the mixture was thoroughly stirred; 

the cobalt was precipitated as the hydroxide by the 

addition of The required amount of a base such aa 

HaCH or KOH. The product was then filtered, washed, 

dried, and ignited as in the case of the silver and 

copper. 

d. Binding agents. ^-The wetproofing and binding 

agent used for most of the early measurements was 

polyethylene. Several other materials which have been 

tried as binders for the active carbon wore polystyrene^ 

rubber, and ethylcellulose. Tad  rubber bonded active 

carbon films were more adherent than the others. When 

binders which are soluble in an organic solvent at ail 

temperatures were used, the carbon remained on the sur- 

face of the base material while the solvent and some 

of the biuuoi- xxv«»<I into the support. This resulted 

in an unkno-sxi binder to carbon ratio findgave poor 

comparisons from one electrode to another.  By heating 

the graphite base before the spraying was begun the 

solvent evaporated as it was sprays^ and a sore 

uniform carbon layer rasulted. 

The active carbon layer obtained by this spraying 

technique was often quite fragile, especially in the 

case of the polyethylene bonded carbons, which 

! 
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required   aocewhat careful handling to avoid 

damage to the active svrfs.ce.  The hot spraying 

technique was advantageous lii   chat it re suites i*; 

mere adherent layers of the active carbon ae well 

as for the reasons mentioned above. 

grade KOH which contained 83%  K0I1, reagent ^rads Ns.OE 

which analyzed 9'/% LiOH^I-aO, and JOJS l-tre^et-hyl HTmnonium 

hydroxide from the East-man Kodak Company., Concentrations 

from 0^1 to 1C molar were used.  Other electrolytes 

such as acids or salts were made from reagent grade 

chemicals. 

additions when desired, 

5. Reference Electrodes 

Three types of reference electrodes were used. 

Forthe first basic measurements with air call electrodes 

in KaOH solutions, the saturated calomel electrode was 

| employed,.  It was found, however, that- after a relative- 

if ly short period of time the electrodes became contaminated 
jf the potential 
* wlfch alkali and ^tended to vary considerably from th*» 

i  * normal value. 

1 
--=t 

/ 

4.     Electrolytes I 
j 

The alkaline solutions     were made from U.S.P. / 

\ The uerovids in the form of 905? anueous solution              ! 

I "                                          i ; was obtained from the Buffalo Electrochemical Company               • 
£ •                                                                        i 
g and diluted to about 10 M before use.    The concentration 
S 
p of tne diluted material was checked by lodometric 
& I 
* titration.    The peroxide content of the electrolytes                                          j 

was usually 0.01M and was increased by successive j 
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A more satisfactory type reference \?a3 the 

Eg, HgO/fcO'H or Ne.OH half cell. Theae electoies were 

easily prepared ar.d reproducible to within 0-05 nv< In 

u abort time.  Such reference electrodes wore stabls 

over long periods provided the capillary tips were not 

permitted to dry out or the solution In them to become 

diluted.  In addition the impedance of this type was 

less than the saturated calomel electrode, a factor 

which was important when 'working with the electronic 

ccmn.'utater; 

A difficulty that arises is the liquid junction 

potential, which can bocojne quite large ^.e 3 . 

Correction can be effected by calculating the junction 

potential or by making a series of HrrO cells having the 

same alkaline concentration as the solution undergoing 

test. 

For recording absolute polarization values directly 

from the commutator readings without subtracting a 

static Vfiluc, a reversible reference of the same type 

undergoing the polarization was used. This procedure is 

acceptable since it has been shown that an active 

carbon oxygen electrode is reversible with respect to 

bydroxH da and perhydroxiuo ion.5. 

As a safeguard dur.in- the measurements, the 

reversible reference was checked against an Auxiliary 

hg, hf,0  electrode ana the values compared to thope 

obtained in the static measurements*- 

i 

i I 

' ! 
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As a second safeguard,  the reference arid the 

polarized electrode were compared for potential 

difference both before and after the polarising 

E»aauresiS2t.    In moat cases the electrodes were fov.rd 

to vary less than 1 mv.  after the measurements were 

{•Orr.Dleted. 

i 
i , 

I r 
I 

C. The Measurement of Cathodic Efficiency 

A cell and electrical circuit of the type shown 

in Figure 14 were used to determine the efficiency of 

fo.r5c2a.iion of peroxide at the cathode.  The cathodes 

were prepared from untreated active carbon bonded with 

op polyethylene. The anode was either a duplicate of 

the cathode or one of platinized platinum.  Pure 

oxygen was forced through the electrode at the rate 

of a few bubbles per second. The anode, cathode, and 

middle compartments of the cell each contained GO 

mis of 1HK0H plus 0.03 M Ha0a« The current w&3 con- 

trolled by the rheostat R in conJunetion with the ammeter 

As  Tha total quantity of charge transferred was measured 

by the silver ooulometer C. After 30 minutes at a 
o 

current density of 50 ma«/cm.  the peroxide concentration 

J. 11   >JtAWJ 
•»»**IT\ e* -vi^vw r** ont was determined b-c treating an 

acidified portion of the electrolyte with excess iodide 

ion and titrating with thiosulphates The probable 

error of the measurement la estimated to have been +$$. 

I , 

•Kami 
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PAilT III 

iiXPtKlLi.NT/,L iiLLULTS 

At     Static Measurements 

The static potentials of the cell (Oj. carbon i 

z M KOIi, 7 M H08jsatd. calomel) were measured with vary- 

ing concentrations of hydroxide and perhydroxide ions. 

The ceil was a beaker containing 100 ml. of the electro- 

lyte, a saturated calomel reference electrode, and carbon 

electrodes of the standard type discussed in Fart II, 

coated with 5%  polyethylene bonded Uuchar G active carbon. 

All observations in this ?nd subsequent measurements 

were made at a temperature of 25+ 0.1°C and an oxygen 

pressure of approximately one atmosphere unless otherwise 

stated. 

agitation effects were noticed because cf the 

differences between vertical  and horizontal 

electrodes. Wlththe horizontal        electrodes there 

wer-e no agitating oxygen bubbles issuing from the electrode 

face.  V/lthout sufficient stirring the values for the 

reduction potential were high. This can be explained in 

terms of the peroxide formed at the active carbon 

surface *  In the absence of agitation, an appreciable 

concentration gradient with respect to perhydroxide ion 

was established in tint solution adjacent to t he electrode 

surfsee. 

47 
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The Hg, HgO r^ferance electrode cave more satis- 

1 

3 i 
i • 

•m ! 

1 1 
I 
4 - 
I 

-•» 

/ 

f •-« 

I 

factory results than the calomel half cell which tended 
con 

to become taminated with aikfcli especially at high 

GB~ ion concentrations* 

Figure .15 indicates a linear- dependance of the 

potential on the logarithm of the perr*hydroxide ion con- 

centration in 1.0 , 2.5, and 5.0 M KGB,  The results 

from these measurements check satisfactorily with those 

of Berl and give a 2ln?© of > &/ d  log (& nolJequal 

to .-0s032o 

The difference in static potentials between 

electrodes at one atmosphere and 0.21 atmosphere partial 

pressure was tentatively recorded as 15 mv. which is 
i 

below the value of 21 mv, predicted by the Kernst equa«= 

tion*  This can be explained in terms of oxygen re- 

l&ased at the electrode surface through the catalytic 

decomposition of peroxide. 

B. Dynamic Mess>v>:rs?nents 

1. Behavior of Air Cell Carbon 
H 

Measurements were niP.de on the system 

0e» air coll carbon/ ar. K KaOH / platinized platinua 

with a mercuric oxide or saturated calomel reference 
I 

electrode using the indirect or commutator technique 
I 

described in Part- IIS The time required te obtain stable 
• 

measurements was approximately one hour aftnr the start 
1 -  2 

of the polarizing current for values of 1 to 10 ma./cm. 

for the latter. 

? 

V/.G. Berl, Trans. Elsctrochen. Soe.B  S3, 253   {194-3}, 
l 
i « 

. 
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The  polarinations  of air call   sarbon electrode*:: 

up to current densities  of <kw na./on.c    were  cosorved 

In 5 M NaOIl and 5 K K.0B.     FimuPd 16  iadicuies   a 

decreased polarization in  the  Ha OH.     Di*ch a  character* ' { 
! I 

i>'.tic has been observed only in the case of air cell i 
i 

carbon.    In the Raise figure the performance of air 
i   ' i 

cell carbon is  corapared With an improved active carbon y       j 
J / 

of Nucimr C bonded with 5%  polyethylene* 

Figure 17 reveals the effect of iaerssslng peroxide 

concentration In I 11 and 5 N KaQK at constant cur-rent 

density on the potential of the oxygen-sir cell electrode. 

These data Indicate that polarization decreases with 

Increasing peroxide concentration. 

2. Performance of  Unc:;talyzed activated 
Carb«ns 

! a. Mwlnr-a. -—-Thw electrodes used for the 
i " ; 

majority of the ^*eaaureuiont? were of activated carbon ! 
' i 

i   - sprayed on porous gr-aphite and were assembled as des~ , ... I 
j cribed in the section on preparation of electrodes. « 

* I j 
The cell was the same as that discussed under air i * 

( ! 
E cell carbon with the exception tnat the reference                  ! 
i j 
j electrodes were generally duplic?tea of the cathode. 
1 j 
£ Almost  an-"  ?tihccivu raatoriG.l v.nicii is  soluble  xn 

' 

»n  organic solvent and resistant tc alkali mav be used i 

as a binder,  r^lyetuylene plastic. «ai;liyiee.llulose> 

polystyrene, and rubber have been tested. In Figure 18 

is shown a corapar-iiSOM of ssveral binding agents v/5.th the 

1 
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same active carbon material. The polarization curves for 

5$ polyethylene, rubber, and ethylcellulose lie on top 

of one another within the limits of experiraantal error. 

Quantitative data are not available for the other materials. 

It may be stated, however, that polystyrene though a good 

binder and highly resistant to alkali yields higher 

polarization values than the polyethylene or rubber* 

The effect of increased binder concentration above 

is revenJLed in the same graph for the polarization of an 

electrode containing b%  polyethylene and 3$ rubber..  The 

optimum amount of binder with respect to polarization 

depends on the nature and specific volume of the material, 

and was normally 5%  for activated carbons. This optimum 

value will be discussed later from theoretical viewpoints. 

Data for the time dependence of polarization for 

polyethylene and ethylcellulose bonded active carbon 
/    «5 

electrodes at 100 33fi*/©s* are shown in Fi«ux r« IS* Phe 

polyethylene material shows a marked superiority over 

the ethylcellulose  in that its polarization is more stable 

over long periods of  time.     Air cell carbon electrodes 

were not  stable at 100 ma»/cm.  for any great length of 

time. 

Measurements with electrodes containing no added 

material  other than binding agents were confined largely 

to electrolytes from 0,10 to  10.0 M K01I rather than 

NaOll solutions due  to the  fact that the  electrodes were 

found to deteriorate   rapidly in solutions of  the  latter 
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greater than 1 M concentration. For example, above a •'  | 

limit of 5u ma./cm.*' in 5 M EaOH the active layer of the 1 li 
t electrodes disintegrated.    Even in cases where the active 

I carbon was bonded ?/ith as much as 1Q% rubber,   double the 
ff "* ,1 normal amount,the electrolyte  n«rictrated the active carbon 

(| 

I layer rapidly and the  electrode became useless. 

i * 
8 b» Ccmp&rison of activated carbons   without peroxide 
3 decomposing catalysis* — ~————. 
n 
* Activated carbons from the sources mentioned in Part II 

: 

i were found to have polarisation values ranging from GO to 
2 

150 mv. at ICO ma./cm.  in 5 M KOH and 0.01 M Hs0a. 
i 

Polarization vs. current density curves are shown in 

Figure 20. The binder and wetproofer were polyethylene 

in each case. The superior Nuchar C was 3,4$ a°h which is 

in the process of being analyzed.  The x-ray diffraction 

pattern of this material indicated an amorphous carbon 

structure with little or no graphitization present. The 

high activition and low polarization of this activated 

carbon *3w associate with its high specific volume among 

other factors. 

A rough qualitative evaluation of active carbons was 

made by measuring the sho.it* circuit current yielded by a 

cell of the type. 
!    j 

air, active carbon/ 8 K ECU / 2n I 
i 

The active carbon cathodes were constructed so as to 

present a 1-cm. apparent area to the electrolyte. Results 

fros these tosts showed that spectroscopically pure gi-uphite 

was  very  pccr= Active carbons with trade names Nuchar 19, 

if 
ii 
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Nu;har vepetuble shurcoal, uud Kallinkrodt II.F» IX 

activated charcoal were Inferior to the products Hucbar 

C 115, and Nuchar C which yielded short circuit currents 

over 6CG ma./en. 

c refects of varying pH and salt concentrations.— 

The effects cf changing the concentration of KOli v/hile 

maintaining the anme initial concentration cf peroxide are 

shown in Fissure 21. These results show the polarization 

passes through a minimum at or near the maximum conductivity 

of the solution. The potential current curves are shown in 

Figure 22 for the same conditions. The static values follow 

the dependence of the Nernst equation on the concentrations 

of hydroxide and perhydroxide ions, the more concentrated 

alkali huvin^ the lower reduction potential. 

i-'igure 23 illustrates graphically the behavior cf 

a rubber bonded electrode in 1 M NaOH and 1 U  KOU. 

The ratio of the slopes of the linear portions cf the 

curves compared with the ratio or the resistivities differ 

by only 9f^a a fact which at first may seem ajrpriaing but 

which will be explained in fart, IV,  On the other hand. 

Figure 24 v;hich cc:r.parcc the polarisations of a similar 

electrode In i M Li OH und KOli ir,rllcates, at least in the 

more stable loss current ranp;e, tnat the lithium, and potassium 

curves can be imposed within the limitr- of experimental 

error. On the same ^raph is plotted the curve of another 

electrode in tetramethyl ammonium hydroxide.  The conductivi- 

ties of molar lithium, sodium, and potassium hydroxides 
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are 0,14, 0.17 and 0.20 respectively.  In most nea.-ure- 

nients the more conducting solution had lesc polar.! satlon 

if not a flatter slope. 

The resistivity ratios and the slope ratios in \   ! 

Figure 25 for the polarizations of rubber bonded c.rbon 
I 

in 1 K KOH and 0. 5 M KF are 1*4 and 1.7 respectively* 

Potential vs. current curves in the neutral and 

acid pL'. ranges are shown in Figure 23.  They era character*- 

i"ed by abrupt slopes ai low current densities and flatten- 

ing slopes at increasing current densities.  Th*j steepness 

of the initial slope is generally larger with decreasing 

pH. 

d^Jl'he effect of varying peroxide. --The offoot 

cf increasing peroxide concent rat-ion on polarization is 

shown in Figure 27.  Ihe two curves vere obtained with 

per-xidn concentrations of ^;01P und  0.i:?4 B in -5 M KOHv 

The cu-'ve corresponding to the higher per-or-ide .; one on t rat ion 

hes the less polarization as would be anticipated since the 

peroxide concentration also changes ihe reversible potential. 

The effect of parar.ide on a.n electrode being 
2 

polarized at e constant current density of 100 jaa./cm, 

is shown in Figure 23.  In this case peroxide «ras added 

in successive amounts until the polarization reached a 

minimum v»lue. A logarithmic plot of the sane data of 

Figure 28, I.e., polarization vs. log IIa0a>gives a straight 

line for  peroxide concentrations up to Q.25 M, is shown 

in Fifure 29- 
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A curve of seme Interest (because a straight 

Tai'el line has been obtained iron, the senilogarithralc 

plot) is shown In Figures-30 and 51. The unusually 

high concentration of 0.88 M peroxide in 6 II KGlj. was 

obtained by nixing 45$ peroxide with the required base 

concentration while cooling the mixture. 

The concentrations of both the peroxide and 

hydroxide were determined immediately after completing 

the measurements. The exchange current was found to be 

4 t&a«/c:&« and the Tafel slope was 0.01. These re suits 

will he aiscusatm again uncL'.r interpretations. 

e. iiJTects of oxygen preasure. • —.The effect  of 

oxygen pressure on cathodic polarization was studied in 

5K KOH and 0„01 w. S»0a« Purs oxygen at 1 atmosphere 

and air with a partial oxygen pressure of 0.2C atmosphere 

were introduced into the electrode. The curve ot 0-2C 

atmospheres is characterized by a rapid rise in the 

polarization near 350 ma./cm." which is indicative of a 

limiting current  (see figure 32). The ria.t curve for 

oxygen at 1 atmosphere partial pressure is predicted to j J 

rise in a sinilai fashion at higher current densities, 

f. Temperature effects. —Only tentative temper- 

ature dependence measurements have been completed at the 

present time. These indicate a temperature coefficient 

for the polarization of approximately 0*50 mv./°c at a 

current density of 200 aa./er,, in an electrolyte of 5 M 

K0II pitta 0.12 H Es%  in the range 21 to $2"  C. 
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I 
E      - ' — 
Jft jg»_ ..Current; efficiency of peroxide forntrtion. - -» 

il Using the eri'leiency cell described In Part II,  a 
r, g S5t7-i«ui-isrnent with a cathode Biade of b<£ polyethylene 

I 
1 
1 
i 

>  1- 
bonded Euohar C w&s ripde Ir. 1 M KOH in the peroxide 

concentration range 0.020 to 0.025 M.  The experiment 

yielded 85£»87$ for the currency efficiency of pero;-:ide 
o - 

pr octucuiv^n an «_>» < Tuu• /cis» 
• 

m h.  Cathode decay traces» —Typical decay traces 

_ .    aro shoviTi in Fif-ura 33 with the orclinates representing 

ooiential and the aL-sciaeae time.  Figure 33 illustrates 

the reference vs. anode trace while Figure 33b shows . 

.the s&cnodo vs* anode troce,  The interrvrptien periods { f 

i 

WQ.^w SCO aicrc£ec , in length.  The decay curves 3, re 

plotted together in Figure 33c to indicate the »ab- 

i : 

f 

1 - 
traction v?hioh 'res perforrasd eloctrieally  with the 

differential aispl.tfier to obtain the tabulation below, | 

The amount of vertical fall of the left side of the truce ' 

is indicative of Wm  is§gs o c-f reversibility according i 

to Giah'jirs ~~    Lv-ca^ values for the cathode reference 

trcce, are tabulated telow for a catalysed and an un- 

catalyzed active carbon electrode. --j- 

Trr-e carhop Decav 
2 * 

- Kuchar C 15 mv. at 100 ma./cm. 
(200 usec. ) 

Nuchar C 1b% i.g 8 mv. ! 

I       *_            _ _ , ^  . i   --I —'-*-*   --W-{ * 
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Oscilloscope Decay Traces 
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I 
§ 3.     Active Carbons Electrodes with Peroxide 
• Decomposing  Catalysts 

a.    Catalysts -   —The poor behavior of the uncatalyzed 
r « 

i carbons in NaCH solutions has been remedied in largo part 

by the *iao of catalyzed carbons, The best results have 

been ottained with active carbons treated so as to give 

a highly Intimate* combination of the carbon with silver 

i metal or cobalt oxide. Of the two materials, silver is / 

B H superior in terms oi duvi-eascd polarization and low 

gj. penetration of the electrolyte into the active carbon at 

Ss both higlj current densities and high alkali concentrations! 

m Copper or iron proved to be of either minor or negative 

1? benefit while platinum seemed promising. 
B £   , The optimum amount of silver was found to be about 

fi 15$ by weight of carbon. This value was arrived at by 

M        ' neans of the rapid tost method described in Part II, 

5  , A comparison of the outputs for electrodes containing 

.I 5, 10, 16, 25, ax:d Z>0%  silver b" weight of carbon Indicated 

th« existence cf a mir.im.vm polarization at about 15/s 

; silver* 

I In order to increase the mechanical strength of 

* the silvered carbon films, 10J? rubber was incorporated 
i 1 as the binding material. 

b* Comparison of catalysts* —A comparison of 

polarization curves for fcho uneatalyzed active carbon 

with 5%  binder und the 1S# silver activated material 

if   , indicates t:.e superior performance of the latter (Figure34). 
f j " b'fgure 35 conoares the potentials vs. current 
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densities for an uncataiyzed carbon, a eopper-cutalyae; 
I    j 

jfc   •       carbon, and a platinum-catalyzed carbon electrodes. The 
m 
| negative potentials for the catalyzed carbons are tne 

jj result of the peroxide decomposing properties of the 

i i 
i 1 
§ c.  Cation effects. —The evaluation of possible 

catalysts in the carbon since a non-oataiyzsd carbon 

reference electrode was ur.ed. 

i 

I 

! 
i 

differences ir. tne b~^avior of various cations required 

an electrode stable enough to be used for several deter- 

minations In various alkaline electrolytes.  Wijxxs un- 
! 

treated carbons have this stability only in KOh, electrodes 

I ' |, prepared in the came manner containing 1£> silver deposited 

B by chemical reduction are stable in other basic solutions 

I as well and permit an observation of sr?y differences in | 
I   " "l 
1 the solutions tasted.  la Figure 3c ?;i*& shown a «om- 
I 
k        • parison of polarization curves in 5 U  KuOIi and KOII 

| solutions. The polarization in the KOII solution was 
e S 
1 slightly lower than in the HaOH solution at all current 

•i densities, 
! I 
I d. xirae dependence. —-Measurements indicate that ths 
•      .!—•••«••••'   .  I  . 

I       • 15/5 silver electrodes have low polarizations with little 

§ drift at currents  of 100 ma./cm.     for periods ci IS hours• 

ITha initial polarization always  dropped to a  stable value 

within 10 minutes  at  200 ma./cm.c  os in the c;;se of the 

non-treated carbons. 

Active carbon has been  replaced with iron,   cobalt, 
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nickel, and silver powders as a spray coating on porous 

graphite, h'ith the metals the proportion of binder ©as 

reduced to 2$ due to the low specific volume of these 

a&tcris&s.  Oxyf»«n gas was introduced in the sane fashion 

as with the active carbon electrodes* 

The results obtained from sll these metals have 

been unsatisfuctory since the polarisations were little 

better than graphite itself with the exceptions of silver 

and copper. The copper dess not polarize excessively 

at low currents but dissolves rapidly at higher currents 

in strongly alkaline solutions.  Eleot-rodepoaited silver 

gave the results shown in Figure 37. 
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jTHni.    iVI yA.A'UavdU'     w 
LXPI-ltlMEIITAL III",STILTS 

A«    The  Overall Reaction 

1,     Modern Theories 

Modern theories  of the oxygen electrode postulate 

the  reduction of oxygen in two  stages at nomai  teir£sr- 

uturea.    The first  afcoga  is  represented oy 

1}    2o + £I 

and the  second by 

0 * H,0 
r 

a 

•* 1   n n n 

i   , 

:! 

i 

! 
s 

m>    2  H40 * 0a 

The overall reaction is 

6)     0C + 4 H* + 4 e —* 2Ka0« 

The second step is not. electrochemical and docs 

net furnish electr-i^cl energy. 

2.  Causc3 of Misunderstanding among Original 
He & & "v rcher *? 

Expei'inental d'xta, anas sod during the first 50 

years of the twentieth century, on the potential of 

ti.e oxygen elect rod-' ware unsatisfactory and "led ^to the 

olabor-a^ion of conflicting hypotnesas.  The I'acfcs v«hieh 

evoked question mmvm, 

a.)    The potential of the experimental oxygen 

electrodes doesnot o*»t?re3pond to the theoretical vahina 

expected of the folior/inr- reactions> 

" -1 

i 

L ._  . _ 
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4) Acid mediat    0S + 4 1!+ t 4 e -—•2 Ha©j   fc°*-1.8£20 v. 

5) Noutral mediai     0S * 4 E     (10* ti) + 4 e-»2 h\aC; 
ill   ——^*giu   V« 

6) Basic media;  0S + 2 B20 + 4 e—*-4 0H~# £ =-0.401 v. 

b) Host potentials of experimental electrodes 

were not reproducible and had a tendency to wonder over 
1 

long periods of time. Under controlled conditions the 

e.m.f. of several different metallic electrodes, initially 

divergent, tended to drift to final, more or less, stable 

values. 

c-} ft source of much misunderstanding wa» the belief 

that oxygen electrodes operated in accordance with the 

cli,s^ical mechanism. 

7) 02  "*  2 0 

G)    2 0 + 4 e-»2 0 

9 )    2 0 + 2 H£0  -•" 4 Oil" 

~7 
i i 

II 

! 
?   I 
2    I 

! 

L0)    4 OH' + 4 II+ " v.. * H80 

Another reason for the confusion «us the achievement 

2 of linber who enueeeded in obtaining the theoretical 

e.m.f. of the 0fi —K£ cell using platinum electrodes in 

AUM, -i„„i.Tr«i^».«H r,t h!,-'h terperatures.  Tnis result 

hue never been duplicated at low temperatures by numerous 

experimentalists working in aqueous media.  Many vain 

attempts to obtain the theoretical value for the IJ9 —OJE 

cell in aqueous media were based on the ignorance of t he 

!      I 

! 

i 

1H=     Bain,  Trans.  hjer troehgg.   3oc.,   76,   173   (1940), 

*F.    Haber,   z. hiektrochem.,  12,  415  (190C). 
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fact that oxygen Is first reduced tc peroxide* 

3 4 
Abundant eyidsnce *  from tha studies of the corrosion 

of metals in noist air indicates that the reduction of 

oxygen Is probably always accompanied by the formation 

of H8C3,  wiodern researches to this effect have culmin- 

,'.ted In feh? popers of J»H, Churchill who has shown the 

formation of peroxide to be 'iuite general on metallic 

surfaces.  Those metals which do not exhibit the .formation 

of HE0S are excellent catalysts Tor its deconpos'tinn* 

The information from corrosions studies led Habervi and 
TV 

independently Lewis' to postulate the reduction of oxygen 

in two stages via the formation of peroxide.. 

K. i-iornerri&r.n  KifcuSUi-ed oho static e.rn.f. of the 

oxygen electrode in acidic peroxide with a platinum 

electrode. His value of COG* .03 volt is in close 

agreement with the theoretical value of 0.68 volt calculated. 
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" mans tan, dowett, and Gouiding, J. uhem. ;x>c*. 

4r- 

5.- 
iT-'iube,   Ber..   15,   £464   \itjt>ii). 

'J.  Churchill,  Trans .  Ele ct roc hem.   3oc..   ?*?. 
541   (1939)* 

°F.  Haber,  Z ggnorg.  all rem .  Chen..   £1.   35€ 
(looe). 

'&. Lewis, .7. ^m. Chem. Soc, 28, 156 (1906)4 

P- 
~A.  bornemann,   "Eurnst  Festschrift1;     Knapp, 

Hulls.,   1912,   p.   118. 
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by Lewis and Randall",  in view of the excellent theoretical 

work of Uaber, Li©'!vis and i-.^iiciaii, and tiis cssplrics.l 

Egreeraeiit of BomsMann's experiments, it Is rather 

that later workers in the oxygen electrode field did not 

clearly understand why the theoretical oxygen-water 

potential WBS not obtained* 

iieyrovsky  observed that the reduction of oxygen 

at the dropping rr.crcury electrode proceeds In two steps 

with hydrogen peroxide as a postulated intermediate= 

Later polarographie workers agree with his. 

Hydrogen peroxide was found to be produced in 

small amounts at the oxygen electrode of Fischer and 
12 

Kronig  during electrolysis. 

3 3 Lamb and ^lder~  showed that catalysts which 

increase the rate of decomposition of peroxide were 

desirable as cathodic depolarizers in galvanic cells 

(e.g. platinum black, lron„ pyrophosphate ion, copper 

salts, and active carbon). 

3 I 

I I 

yLewls and liandall,   «J.  An.   Chen.   3oc.t  3o. 
10t"S   (1914).  — 

i'19°4 )     J*   Kayrovsky,   Trans.   Far.   SQ~.,   19.   735 
11 

Y    Eolthoff and Miller..   J*_.Am.   Chem.   Sec,,,   03 
i ±v±c>). 

IP. Fischer-sand lir-onig,   Z,   anorg.  ailment. Chem., riacner. 
1^5,   169   (1924 ) 

13. 
Lamb  and '^j-dei'-;   J.^-n.  Chess. J.2£>* S> IhZ 

(1931X 

!• 

v— ***** 
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c. 
J.F.,  Churchill,   while  investigating fch«3 corrosion 

I 
i 

of metals, observed that tne rate or production of ; j 

peroxide in solutions of varying pH was increased by i 

tnaklng the metals more eathodie by the passage of very 

small currents. Mass action effects were observod, e^g* 

it was found that in the case of aerated alum! ;aa wire 

immersed in Hs304, the rate of production of peroxide 

was inhibited as t he concentration of peroxide was 

increased. 

Interest in the cheap commercial production of 
14 

Ha02 led E, Berl "to demonstrate that oxygen was con- 

verted to HS0S at the activated carbon cathode im- 

mersed in KOH with current efficiencies better than 

90£» Berl proposed the following ovorall reaction to 

account for <>ne observed facts a 

11 )     SH + Oo + KOH  KHO* + Ha0« 

4.    The peroxide Mechanism in Basic Solution 

The final proof  of the nature of the  oxygen 

electrode  earn© with the   extensive measurements of 
15 

3»Q*  Berl   „     }is assisted the  reaction in basic  solution 

to be 

12)     2?  e  +  0a  •»• IU)ft     — *»    HOj.   T OH. 

Since the electrode 3hould bohave in accordance with 

the Nerost relation for tho assumed reaction, i.di 

14 L.  Berl,  Trans.. Llectrochem..Sos..   7.6,  c59 
(1932). "~~    "    • 

X  w,   B*2*X9   Trans.   IHsctrsehea*   lice,   gj,   563 
(1943). 
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Berl proceeded to Lest Vim  behavior of thf* potential 

of the electrode under varying activities of OH" and 

HOa ion concentrations.  His experimental results have 

been pior.hwa in figure 3 in I iirt I u:d show the linear 

relationship between t he potential and the logarithm cf 

the H0S  ion concentration which rauafc exist if the 

hypothesis is correct  and the activity coefficient is 

assumed constant-.  The non-linear portions of the 

curve are in the regions where the H02~icn concentration 

is appreciably depleted by association with the hydrogen 

icn»  T e ct:.rvature becomes apparent at concentration 

ratios of peroxide to hydroxide of 0,40.  This effect 

Is apparent <~ven  at a pll of 14 or greater and results 

from the similar Mssociation properties of peroxide 

and water. 

The differentiation of the Nernst equation with 

respect to the Logarithm cf the reactants yields the 

.3 lope 3 

V.    ' 

I   ! 

! : 

JE 

i(  '2. 

5 -i p T 
t-.vV I \ I 

C t- 
=f~ = -aa?, 
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On the other hand the classical overall reaction, 

14) 4 e + 08 + 2HSC *• * AIT tva   « 

JE 
^ ^C 

=      0 

;    ; i 

'•      I 

*    -tf/dte 

? •z. 
Bar!  obtained the  value 

-.   -0,0309 
t 

as the  average for e Ight experimanfcul  curves  froir; v'3iti 

to 11 i: KOIIj   and 
= ~0,-QZ& 

TI I-.JLo   x« w c«sr M'AWl/       J.   fc# subject   to  eiT'Z'or^   xn  Gv.lcu=i:"^=iCJi"i-- 

since lierl did not have  the  activity coefficients  of 

the  KOI;  at  hi(-h concentrations    and asau"ed the  activity 

water con:;cant   In oq raiir (or       '1   •«. 
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i 
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Kordesch and hiartinola-*^ reported the value 

! C 
H 

v 
Thi3 value is subject to uncertainty resulting iron 

the lack of a peroxide control. The excellent agree- 

ment of the slopes with the theoretical requirerionts 

of Lie Nsrnst equation constitutes an additional proof 

of the peroxide theory. 

15 

17 

Kordesch and lia.rtiiv.Oj.a,   ciOiiatachs .-   b4.   vw 

T.  Hoar*   l-roc .   ti£7.   Soc. (London )•  A.   142 
028   (1933)s 
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I 
• B. The Kechanissi of the Reaction 

1. The Mechanlsn of '.;.G. Deri 
.' Tho raeehfcini&iT! proposed by Lerl ic explain the 

reduction of oxygen, to pernydroxide ion is as follows, 

Two steps are involved in the reaction, i.e. 

15)  n_ + P  a ——-m- Ca~ 

16} 0S
= + iiso —e H0a~ + OH". 

A proton exchange between a water molecule and an oxygen 

molecule takes place in the second step. Two electrons 

are transferred simultaneously or prior to t he proton 

exchan^ef and an oxygen molecule with a complete octet 

is formed 

 ,„ _«•*- 1 - 
-1 

f 
i t 

1 1 
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; 
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• 

/ 

"" 

17) 
• r\' f\   *-ZP     —*•   ' 0 '• 0 • •>.•••    *~ £ e 

S Neither of these steps requires the fracture cf the 

I " oxyr.en 0—"° bond* An^ rurthor reduction to water,___ 

• -1,5 ~«.•- i v-.o *•*»« «n^tit»e of the 0—-0 bond in I ,        however, woula require »ue  i-^—*« — —iC 

• the peroxide molecule- 

| 2.  The Bratzler Mechanism 

| v# Br--t2l^r
18 proposed that nascent hydro-en is 

1 
1 

I. 
I! 

S 
. i 

• n m 

18K. m^tzler. ". Elektrochem.., o4* SI «.L950)* 

«J   J* 
n. 
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foraed not only In NH*C1 solutionss hut in strongly 

basic solutions of KaGB.  Tho proton is obtained from 

water thus? 

19) » •*• S5 * IIOH —~* M—II + OKT 

^fr,pV^  M is $ $ite. the nature of which Will be discussed 

later,  The nascent hydrogen then reacts with the adsorbed 

oxygen. 

20) 2 M—H + Q9   (ads.)—«^na08 , 

This mechanism is in accord with the mechanise or 
.. _   _   - Til 
W.G. DSi'i- - in that it also does not require the fracturs 

of the Q--=0 bond, 

3-s  Anodic Mechanism of Hicklin^ and Wilson 
19 

The reaction of Iiickling and Wilson for the 

oxidation of aqueous peroxide at a niicrcelectrode in basic 

solution v'as postulated to be the reverse of reaction 

J. 

21 / H0o » ua + H    + 2 e 

JBT OK" HOil 

These reactions take, place more rapidly than tho reduction 

of the hydroxyl ion nnd, in general, the rule uf the 

reaction was found to be gcver-ied by t'-e   diffusion of 

the Hd» ions. 

V       I 

f I 

I I 
:    I 

I .   t 

!   | 
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Kickling and V.ij.son,   1'rans.   klectrocb.e;na   r>oc. 
98,   425   (1951), 

*      5 »—H' 
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4.     The Ynrk  of ?aub~  on Peroxide with 0lfc 

—f\ 
I  i I I  I 

20 £1 
Taube eo ai, "*  ~ who have studied 'chs decom- 

position of hydrogen peroxide using 0  as a tracer, find 

that exohango between systems involving the peroxide 0—0 

bonds and water occurs only slightly if at all in acid 

j solution.  According to these v/orkors an oxidizing a^cnt 

• *         functioning by the removal of electrons strengthens the 

0--0 ©end.  Thus it i g probable that in the chemical 

II oxidation of peroxide !a:e 0—0 bond is never, broken. 

s Generalization of this fact can be extended to the rover. 

* ible oxygen electrode, i.e. the oxygen molecule is re- 

I duced to perc.xido without rupture of the 0- 

* 6.  Discussion of Lechanisms 

I 18 | The Bratzler mechanism  cannot be discounted 

because at finite overvoltages even in basic solution a 

| definite quantity of hydrogen must oe liberated, but the 
I 
] contribution of this hydrogen to ths current nay be small 
* 
i and restricted to zones where the oxygen pressure i s low. 

• The Berl mechanism, on the other hand, receiver support 

! from the reverse reaction or Hioklinfj and wil«om  since 

I in the migration of the H08 ion to the anode, it should 

| oe the negative oxygen side of the ion which approaches 

i the positive site.  The removal of electrons and -roton 

20Cahiil. and Taube, ,•?-- .Airy. <-:hem. ^oc .. 74 i  2312 

hoi .'j i 

PI 
Hunt and Taube, ibid., 74. 5999 (1952). 
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m«y bn s.lmost simultaneous in a push-pull play by 

the anode site for electrons on one hand and Gil" ions 

for the protons on the other.  The oxy-on molecule is 

loft in a physi-adsorbed state In equilibrium with the 

oxygen dissolved in the surrounding solution and/or gas 

phase oxygen. 

c.  The Role of the Electrode 

The active material in an oxygen eitsotrode serves 

to deliver the oxy~en t o the active sites and sur.ply 

the electrons required for the reaction. 

The ideal electrode would possess infinite 

&d..orptive power Tor oxygen and at the same time would 

have a uniformly pervasive system of macro and micro 

pores to deliver the oxygen efficiently to the reaction 

zone. Electrical resistivity would bo zero.  In order 

to obtain an unlimited number of reaction sites the 

surface area would approach Infinity.  In this connection 

the throe phasw zcr.e  is discusse-1 below, 

1. The Three Phase Zone 

The low solubility of oxygen in aqueous solutions* 

limits severly the amount of oxygen that can diffuse to 

the region of the carbon at which some form of adsorbed 

oxygen is electrccbcxaically converted to peroxide. 

In view of the relatively small polarization even at 

high currunt densities* it is convenient to postulate 

the existence of an ill-defined throe phase zone in- 

volving a f>u3  phase, solution,and solid. 
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The work of Br&tsier  supports the hypothesis th.t 

the three phase region is s function of the surface 

area, and indirectly, the pore structure by obtaining 

lower polarizations with increased subdivision of active 

carbon.  Binders tend to deplete the amount of three 

phase zone by occlusion of the pores and surface •, 

V.'etproofers in excessive ainounts likewise are deficient 

although they arc dosigned tc enhance the amount of 

three phase zone when present in the proper amount. 

The porosity of the carbon permits the oxygen *e 

diffuse to the regions whore the electrochemical reaction 

reduces the concentration of adsorbed oxygen. The surface 

mobility of physically adsorbed cxyrrer. nay elso contribute 

to the transport of oxygen to the sites of t he electro- 

chemical reaction in the phase zone* A minimum oxy£«n 

pressure and surface tension prevents the udsorplion 

of the electrolytes into the active zone by capillary 

I 
;-1 
it 

/ 

action, ixi  this connection oxy-un diluted w' + ^,~~ =.^. 

should, tand to prevent wetting in oxyr;en starved zones 
22 

according to Wejsz and Jaffe- lt is probable that 

fluctuating electroearillarStyand oxygen pressure c«use 

rapid changes in  the three phase rone boundaries* 

Fowdered metals and graphite differ from active 

carbon in their electrode properties because of surface 

area amonf* other factors (catalytic sites, inertness etc. ). 

I,  i 

i i 

i • 

• 

U 

22, olaz  and Jtffe, Trans. Els.-trochem, Soc.; 22, 128 (191*8) 
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The active carbon particles are unique in that they possess 

higher surface areas {from  2-20QO M7/g*).  ±he contact -one 

between the internal pore structure, whrrs high oxygen con- 

centration can exist, and the ejrteroai surface, bathed by 

electrolyte, ma"- be the region where the majority of elec- 

trochemical reaction occur-a, I.e. the three phase scne. 

Metals and graphite might not possess such a region to any 

appreciable extent. 

The practice of vatproofing an electrode material i3 

designed to increase tho three phase cone.  Often the wot- 

proofer may also function as the binder. 

2. Binders 

The purpose of s binder is to bond the active carbon 

material into a form suitable for »39. If the active ma- 

terial is formed in a massive state, there is no need for 

a binder» 

The ideal binder would have certain properties which 

are only partially fulfilled by actual materials.  Tfcasa 

are: 

- i  - 
! 

2 

! 
'• 
1 

1 
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(i) 

95 

.os aleetrieel   resistance. 

« I 
? I 

W'JU ,1* v   9,  CJSMl 

a sufficiently rifjid nasa. 

(31 It should add to rather tl;an detract from the 

porosity of the bonded product. 

(4) It should be chemically Inert tc both 

electrolyte and oxygen. 

(5) It shov.i.d oosassa inherent optimum wetproof- 

ing properties in its structure* 

The amount of binder most commonly employed in 

the present worK was b%  by volght of carbon for highly 

activated 200 mash or finer materials. This amount was 

chosen because it is the minimum amount ^?hich gives ROOU 

adherence and sufficient wetproofing. Higher proportions 

of binder r,±ve  more adherent coatings but result in 

higher electrical resistance, decreased three phase area, 

and the leduotloii or the porous structure of the electrode. 

As a general ruias the amount of binder should be pro- 

portional to the specific volume of the active material. 

As has been described in Part III, polyethylene, 

rubber, polystyrene, and ethyl cellulose have been tested 

as binderso 

The properties of polyethylene arc somewhat 

different Iron most other binding materials in that it- 

is soluble in aromatic organic solvents when hot but 

forms a su.srsonsion of fine particles when coaled to room 

I 
. i 

u 
-H- 
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i tecrporature,     Carbon  layers  prepared with  this ! j 
• I 

material avc- highly poxuua due to the laterspersicai . I i 
i 
i 

oi the particles of plustic.  An electron miorygzaph 

has shown that the carton particles are only partially 

covered with too plastic which pen. its a larger thro© 

phi.se area to exist.  The adherenco of polyethylene 

bonded materials is not r>;ccu because cf t; e particlo- 

like nature rather than film-like nature of the plastic 

as it is used;  The excellent water and alkali repellent 

properties of this material are a direct consequence of 

its hydrocarbon structure-and arc ccrnparshle with 

paraffin {a commonly employed wetproofer)*  The siectri • 

Ccl r-eai stance of the polyethylene carbons are somewhat 

higher than those bonded with other materials due to 

vhe manner in which the plastic particles separate the 

carbon particles<• 

Pure crepe rubber is a very  satisfactory binding 

agent from several standpoints.  It forms more adherent 

coatings thr\n the pi lybtbylene from the same amount of 

material employed, and the layers are esusaevvhafc flexible. 

The material does not have quite the degree of wet- 

proofing action possessed by the previously mentioned 

material but it is quits stable to alkali  at all 

concentrations* A small amount of polyethylene or 

paraffin incorporated in the mixture should augment 

the hydrophobie characteristics. 

Polystyrene shows excellent resistance to 

»ti-ong alkalies and gives quite firm layers of active 

carbon. 

- 
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J' i^  Electrochemical Sites 

Two tjpes of sites are probably available with active carbon 

for the electrochemical reduction of oxygen to peroxide:  chcisi- 

edscrbed oxygen and physi-adeorbed oxygen. The co»existence of 

both chemi-and physi- adsorbed oxygen in carbon ia veil substan- 

tiated by various types of gas-adsorption studies. The electro- 

chemical evidence favors the hypothesis tliat the physi-adsorbed 

oxygen is the species involved directly in the formation of the 

peroxida-  This evidence Is as follows: 

1. The relatively small activation polarization associated 

vith the oxygen cathode is usually more characteristic of a 

physical rate process. 

8. The relatively small temperature coefficient of the 

oathodic- polarization implies a physical activation. 

3« The fact that the psx;oxj<io is formed implies that tr.e 

0-0 bond is not broken. 

Further information concerning the nature of the sites for 

the electrochemical reaction on active carbon should ss forth- 

coming from current work involving the correlation of gas iidsorp- 

tion data with polarization measurement« and the use of oxygen«l8 
in tracer and fractions*ion studies. 

7~\ • 

1   M 

i 
i 

? i 

The polarization seema tc be highp-i* for this material compared 

to the other nindors when used i.r. the came proportions.  xhis is 

possibly due to some property ©f bhe polymer which causes it to 

plug the pores of the carbon or- coat, the particles more completely. 
> 

Ethylcellulose was found to oe suitable for static measure- ' S 
'I 

rsents* In the case of high currents, rceasurements could only be i 

mavis for abort periods of time because the alkali begins to hydro- 

ly?.e the i>Iastic and the carbon layer *»;as soon destroyed. / 
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D.     Catalytic Doocapcjitlon of leroxide j 

1,     Lkehanism of Peroxide Decoi-positlcn 
24 

liiii-b,  Lioxendalo,   George,  and I-arrrrave       have 

presented experimental  evidence which  supports most of 

the ii-.bor-V.eiss    mechanism for the  simple  iror» catalyzed 
_ i 

decomposition of ooro;';ide in acid solution.  This 

mechanism, modified to fit their kinetic studios more f 

accurately, is aa fellows. 

:  ;i 

•.-»_-r-r 
CO T —* •n- ' r^ A.   t\rr   -L.   AIT 

i' O                    *        V*l      '»•       VIA 

b Fe+* + OT"       -   - 
+ ++ 

Fe         +  OE ~> 

--M -'£ ~ 
„. . ,,  „ 

-   iij:U   -r   nus 

u Fe + H0B   —  =» F©       + HOe 

e Fe         4- tT.-- *fc Fe     +  Oe  +  H* i I 
I        " The reaction 25e results in one reduced oxygen atom, 

i The OH i'ree radical nay react along the alternative 
•I 

| concentration of the  Fe       ion.     Ox-nren   '«s fornod through 

I the two reactions 2bc and 25e with 2txi a competing path 
1 £ 

for   tb'3   I-iudiCui   iiCs,      ..htm   ohe   ratio   of   the   ferric   ion j \ 
! J 

: ierrous ion rer.-ia.ins constant, two moles of w?.ter and 

I one mole of oxygen ere produced largely through 25a. P&cf 

i ' ! 
5 j.»i-iH    ?F?tn t 

B V.'i 
| Barb,   Haxendsle,   Qeorre, and Hargrove,  Trans, 
1 J&Ei   !£"•>,  47.   4££   (1961), 
| "     25""'" 
I Haber and Weiss,   Iroc.   Roy.   Soc,   AI47,   332 

(1934). '   

•»*att» 

j* 
ri 
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Since-  the   simple chemical  decomposition of 

ue.roxide  yields   t?/c  siolocules   or v/ator and  one  Bt&l<r!£tu3s ;  ; 
! 

cf oxyrrer., the balsnce of oxidation and red' ction 
• i 
7 ' 

» ; processes (auto reGox) is equal.  At an electrodo, unless 

s ] an auto redox reaction is unbalanced, the net rroceas 
I I I yields no electrochemical energy. 

!" 
| It is possible to Tsneralize the mechanism 25 to other i 

I     '    ' ¥     j 
* rectox systems.    The raest interesting    of    these will 
1 
£ be these characterized bT a negative Tree enerrry change 
*   

S and a low activating  energy in each reaction, 

g. The  mechanism  is  applicable  to  netcror-eneous  as 

j§ v/ell as homogeneous  systems.     In particular t he  lb% 

B silver catalysed carbon electrode  surface   in basic 

Sf> )ft Ag  +  H-.jCg     -~—<»»        AftOL     -v   Oil 

— —^       ^»a^     *   aUc 

| C        A^OH  + H08    =y       Aft   +  ii03  +   Oil "* 

| 
s 
I s 
I 

\ 

1-f OK  * v n 

c A,r-OH • HO; 

d AgQII *   H0a 

In any event the silver acts as an oxidation reduction 

* catalyst for tho chemical decomposition of the peroxide. 

i 2.  Catalytic Jlectrochemical Heducticn 
£ Of Peroxide 

a g The catalytic reduction of peroxide would m;;ke 
9 
K available  the  elec ti'C1

'^M' nal   emer"*^  of  the  r>ar*r,v •$ Ha . 
t 

1TC2 

a 

: 
22 I 

Tho  import  cf   ..'eisz  and Ja'fe       that elentrochemiea?. 
- 1 

reduction of peroxide  does  not   occur  in basic   sol\3tion 

was based on graphite and Eercury surfaces  and not  on 

surfaces  uivich »r o'.'l'i oatui^zs  t;h5   reduction of ~_~or.ides 
V. 

S? Trie   ir~-    catalyze"?   rv?1 t*«-r   Af re-rnx^de  at  the  nercu''~c- i • 

i** 
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micro electrode in 0.25 L h2S0A obeys a Eal-9f— 
2l> ! 

'..eiss  mechanise) according to Kolthoff and Parry 

I.e., 

27 )a 
*+ 

Fe ;=o: 
%- HO +  Hs0a 

c HO g-*-  iisOsi 

d t'e    + HO 
++* 

e i"'G        •  e 

Pe  •*- OH + HO 

—» o8 + nao + no 

- Fe++++ oil" 

Peroxide is converted to a reduced hydroxide ion and an 

0L radical in 27a. The radical nay bs reduced to 

hydroxide throufjh 27 d or it may form i!Ce and thereby 08 

through 27b and 27c.  The eJ.ectraohfirnical step is 27e. 

uince there is a predominance of reaction 27a and 27d 

over the oxygen forcing reactions 27b and 27c, some 

electrochemical reduction occurs. 

It is likely than an ex^eaa of oxidizing or 

reducing action over the other must always occur because 

catalysts do not exist whicn have equal free energies 

in the reduced anc oxidized states unless the concentration 

ratio of the oxidation statos has been previously adjusted. 

in a closed eleetx'ochcniicai circuit this state of conditions 

will afford electi'OcheEiical ener~y. Therefore, coincident 

with tho Beri process  , there may be electrochemical 

reduction at the dynamic oxy;~e-r; cat] ode in basic 

1 \ 
« 

i ! 

: I 

• i 

: 

l 
i 

i 

I < 

Kolthoff ana Prrry, 
3710 \lt61) * 

Chenu §pci, 
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soluble:;! even in the presence of excess oxygen.     Bmefc 

a rYT»oce'-so  would  i-cnult  in sn increr-sinp;  reduction 

potential with  itwiPfe&iiJRf*  peroxide  concentration which. 

Is  a  response  contiwi^y   to  the Beri mechanism. 

. x. ., -i . tyzod Carbon Electrodes 

a.  SJX*a* on poiari sation. --One of ff%# simplest 

explanation;! lor- tho decreased polarization s.$%c-c iated 

v.itb tie r.rO'.i'.r.tl ilf nonf-sinin^ active carbon cathodes is 

as follow si 

,:or,n GoO and ag are good catalysts for the catalytic 

deeoiiipoyi-olon of peroxide in basic solution with the 

s.i !«.•>.f perhaps; somewhat better than the GcO.  Tie oxygen 

MJb#fottf4 through the decomposition of the peroxide 

i:-ecc::: :•;:-'available for eiscrrooheinical ..reduction in ths 

third sta^e of the processes shown below. 

?t-)a KSC -s- G« -.- f; e ——»*• KO^ *- OK*" 

b   fei»"—urifiOfT^i/^   os + on" 

o    l/P  %   • •       reaction  (a)  repeats 

Those   c iw.essfs  tuay  i.-ot^eie  until  tho   ojs.yp.on  is  entirely 

reduced to .hydroxiae ions rather than  peroxide  ions. 

This  will  r-'-S'/it   in  the   transfer  of  tie  sane  nv.'M.er of 

elect, rc-.i. per  oxy/^n molecule .as   in  tb^-   direct   red?.v;tj. on 

of c-evfan to h"-rdroy.irls   ions-   i=e« 

»••)     Q,   >-  2  HE0  -  4   e r   4  Olf • 

'I'ho decrease in the peroxide concentration &t the 

electrode surface aiuo reduces the concentration 

polarisation to a ma.j " extent,  liic unsatisfactory 

behavior or? t'.s copper treated Of.rb-on say be explained 
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on the basis of' the solution of the opper jn the 

electrolyte. 

Lioctrories in which oho peroxide decomposing 

catalyst has been incorporated by electrode posit*on 

are not- as satisfactory as the impregnated type* 

Electrodes "hicb have been externally platinized by 

electrcdeoouiiion ahc/v* IUAOJ.- uv^l«.iIi;tition but do not 
! 

blow the penetration of the electrolyte ir. IJaOH at high I 
/  i 

current densities. The external layer of platinum must / 

be quite thin,  as  an excess will block off too much 

of the active three phase area of the electrode* 
i 

b.  Penetration of electrolyte« --T'r.o  carbons 
i 

containing GcO and % do not shew the rapid penetration 

of electroi7;te and destruction of active carbon films t 

|  ! 
coranon to non-treated carbons when used  in r?aOiU  This 

phenomenon seems to be connected in  some way to  the 

i 

process• i 
i 

It is knoKi that the sodium salts or the :eroxide 
i 

formed are l<s»o  soluble and more unstable than the 
I 

corresponding potassium ones-  Sodium peroxide may : 

precipitate within the active carbon,. The posololity i 

also exists that the destruction of the carbon Is brought 

about through the releass of large oxygen bubbles when 

the concentration of the sodlur; peroxide In   Lha _uw«s of 
i 

the carbon becomes hip;h enough;  The presence of peroxide I 
i 

decomposing catalysts in the carbon, or an increase in the 

temperature of the electrolyte would decrease the 

i » 
Ha 
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dacarce of the electrodes by effecting a uniform 

decomposition of the peroxide as it ia formed. 

The peroxide decomposing catalysts are more suitable 

for this purpose since a high  temperature might 

soften the blndinc, material* 

I 

• 

i 

Polarization 

si 
fi 

i 
i 
S 
B 
* 

I 
? 

1.     Concentration Polarization 

a.     Diffusion limited oxypren.—The major source 

Oi     (juiuliiai/iuii    u»igi:iai/co    xn   uuiius;ii:'ui<xuD   pOiUriZuvxuiJ 

which often masks cue activation poiarizai," on unless 
22 

precautions are token to minimise it.  V.'eisz and Jarre 

have showx* that the diffusion limited flow of oxygon was 

rate determining in their zinc-activated carbon tir cells* 

For  a rectangular block of thickness x, the perpendic- 

111   Lift       «4^   *Ti^*« » « % f^"-*        #•% TL       *** •%#*•• «-—,-.-_—.        t'/\1   ""l   <*%«*• 4   »1 .-» '    i   •'••if        s I   QVJ       viaO""       ^"**"> 

written approximately as 

TxT X c 
,_ ! f OL, 

J1 

•5vi>^3p-^ £.*.-•*> ^o ^^sg 2^at^ ol* QYJ*TC*QI\  flov? perpendicular to 

tba fr.ee or the block. Dx is the diffusion coefficient 

of t.-ie oxygon in moles am*    atm. seci",/> is the **reu of 

the block, /<*kL is the activity of oxygen on the air 

side of the block, and /ittlis ths activity of ox-raen  on 

the electrolyte side of the block. 

11 
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ir each oxygen nr-loeule ia ultimately induced 

to water,   liven the  total equivalents  cf current,  F-   is 

rljvicled by 4 13 equal  to the oxygen flow, 

31) ^=^=!*fjM-(<W.j 

b.  A mathematical interpret at ion. —Tlie analysis 

of concentration polarization has led to the nu.thcr.iatie?vl 

atndy presented below. Tttis development is based on the 

peroxide mechanise. 

Under reversible conditions, equation (13) is 

applicable at the oxygen electrode. 

32} t r' t 6,0%A*f rj r 

whore 33° i~ the standard potential of the electrode^ 

E    i3 t.e reversible half-cell potential, and a. is 

the activity of the specise in subscripts at the 

electrode surface and in iiio uulk ~f tl « solution.  Under 

irreversible cathodic conditions, it is assumed that 

(33) t\r = £>,C>3 *M   JT~\ 7~—\ 

n 
I 

l 

f 

:!• 

k 
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where  the   auhocr.h^ts  ir refer to t he  irreversible 

dynamic  condition;:,  at  the electrode   surface. 

activation poiar-i£ufc.ion is not  considered  in equation 

(33 ) * — ~ «. 

According tc equation (31), the activity of oxygen 

at the electrode-electrolyte intorfnce 1°  giver, thus: 

where n represents the average number of electrons 

taken up by ftli c^ytT.en species and varies between 2  and 4. 

I is t'-.e cur ant density, k* is-£j-£-   and &, is the 

acitvifcy of uxygen at the interface in the absence of 

polarizing current•  The quantity (QQ   i    is the same as 

/ 

i 

t*t 
in  osuetion     (-31) • 

current  density 

(SB) / \ \1 

whore <^Wj.s the rate of change of ooroxlde  ion 

per ere? ^t the interface with time, K is a first r>r-4or 

rute constant for the decomposition of' peroxide and is 

specific for any given solution and the heterogeneous 

catalysts of the electrode.  D8 is the diffusion coeffic- 

ient oh the peroxide, and o  i» Lhe effective t•  'cknoss of the 

diffusion layer.  Electrolytic transport has been neglected 

O 

II   ia assumed   that  oxygen moves  only by  diffusion. 
iinaox- convfcctLon an  additional  pressure  gradient  tenn would 
09   ad<ie<i - 

TI K 
-& 
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in equation (35}j hence this equation 5.s limited 

I I to conditions for v/hich thw transference number 
i 

of the porhydroxlde ion at the cathode interface 

i 

. 
i 

<j j is very si«mii.  If thia equation is solved for *• 
i 

'   I (a,  _Y , there; is obtained 
I 

or 

W I  / 

7>, 
where k2 = 1                and  k« •  TSTS- 

2P~Tir- De//) * = ^{V+ Vr)   #£ A / 
*a       / 

K 

I The equation for Oil" ions in the steady 

I   . state is 
I 

!                                               wh&x-6. gj -5JT/is   ths  rate of change of  the Oil"  ion \   « 
I                                                  ^y- !   . 
*                                                         —                  8 1 

per oss*       at  the   interlace v/ith.  tine.   D3 is                                          J 

i i £ the diffusion coefficient for tho OII= ion. and t 

is the trunsferenee nurj&r  of the OH" ions. i'uc i/Oiii; 

K(<W-1 arisos because each H08" ion decomposes to one 

wi.;  AUI:. ulna .-/<  <^e"  *»A sJiuugiJ uiiw i<fcsj.7;; r> utipenas 

on the OH  ion concentration „ this dependence i« 

neglected sue  fcb« purpose of simpiiflcation on the 

Dasis that &,«.-)%. decs not differ too much from (fa    J . 
»XT, *\r \    OH   ' 

XI" equation (#0/ is solved for (•£,-,„•-,'•;„ 

.H 
1 

•<— 
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If the  activity o^ the peroxide in tha bulk cj.* the 

solution  1 s  small,  which is generally the ease 

41 5     fa-... /     —  -Zri.   \l-2C +/        -n    /^. . S / 

ana 

AP!   /».    ». -= /, r */<*     i 

I r- 

I 

II 'I 
1 '   | 

'ir 

1 
! 
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interface may also differ appreciably from that in 

tu© bulk of the solution because of differences in 

the concentration of* the cation (potassium? or sodi'w?) 

as well as the anions (hydroxide end perbydrcxide i. 

This variation in the activity of water may be 

calculated by rnean3 of the Gibbs -i>yi.iera equation 

which in differential forra is ,/ 

where n is the number of moles of the apscies 
i 

indicated by the particular subscript and a+ is 

thw activity of the catio:- ion, Ihe limitation has 

alraedy bswii imposed that the ratio of perhytiroxide 

to nydroxide bo small r.nnpared to unity (neglaot of 

electrolyte transport of perhydroxide ions). Hence, 

the concentration of the catlor. is substantially the 

same as tho hydroxide in concentration. 

On this bu^is. r^ = CQH_ and {a+ ) a (a + )   UQJ.-) 

where  + ±a  the mean activity for the base. 

< i 

i 
i 
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In the present calculation, the moan activity 

&A JO c\r>    4-1-.** V,n >&ss will be assumed equal to the activity 

of the hydroxide ion. This approximation ia not drastic 

in as much as there i3 considerable self compensation 

involved. The integrated from of equatior. 

(43) is then 

< 

t 

44) 

**ajr)t 

(AMO-) 

or 

L  •- 

""TV- ^ * "   ' ' 

The limits    /«oM-;;>.    and    (j^0?h'r   **? be 

established  from equations     (42)   und   (37)  respectively. 

i 
B 
3 
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The polarisation may be defined thus* 

'L "E  rev. -n 
ir, 

where » is the concent ret ion polariwtlon.  Substitute 

iOi- ir. and rev. one obtnlnn 

A O   . 

U.lua   (34),   (37),   <«),   arid  (45),   cr.e obtains 

dO ': 

sr 

00) 

/<3 ^ 
l^AV* 

,'  « L     7- 
/Ct\ —7"  

/? 
...»v V      " s * • 

/) /Vi   /       /?    _    /   , 
L/# W ^/   1 i' AO    I      1 

/      i. r/      \       /?   > e       L TV     \ 
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ill 

..iacii the current is i.&'ti>t   tr;3 pcisrilEetio? 

nco zero bat uppx-oximately COS log kBt which is-''
1 .-3 

log [£&-+. j I  and negative. The significance of this 

negative p<->lar»i2c.tior! is that the electrode ua se = ths 

of the activities in t he bulk phase. 

In the  region v.'here 

and 

i.w h^r--1!^ 631 k,^ <<i 
i  fr ~ 

the  expanding of  the  logarithmic  terms  ul»& the   dJ 

carding all   terms sbov-2  powers  of one are  valid. 

Then. 

f^i 

—\   a til Ssi 

tnwty 

If ths latter equation ":a differentiated w itn 

respect to I, one obtains the slope for aroaii vtiluea of 

I. 

decomposition of perox?.de which resultsin a potential • I 
! 

less than that predicted thermodynamioally on the basis 

/ 

j a 
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In concentration ranges where the  number of moles 

—   .:..       -. ..- yV.*tbl,r~ IPntO)  etluation   (5C; 

reduces   to 

~   U'VIJ i KM. +• —L~   l 
U***-)    ty^T   {Wj j • 

The 1?Tn5t-inr; slopea as tho current rroes to zero are, 

therefore, Inversely dependent on the activities of 

OK t     HCC . and the oxygen provided tho assumptions con- 

cerning the activities and diffusion theory previously 

mentioned are valid* 

If each terra cf (50) is plotted vs.Ion the assumption 

that all other terras are either constant or negligibly 

small and the activity cf water is constant, one obtains 

the curves in Fij^ure 58.  The curves of yi  vs. I indicating 

the hydroxide and oeroxide concentration dependence 

flatten logarithmically.  Curves of " vs. 1 for variable 

oxygen activity exhibit tho rapid upward climb 

characteristic of diffusion-limited polarographie curves 

Millie the regions of 

'i'ne rapid vertical upsweeps i b  V c^J. UCJ-* OJ. 
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(a) 

o detraflsl esrsasin* activity of eh« 0E~ ion 

polarizing ouri»ent 
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(b) 
decreasing activity of the. H0« ion 

polarizing current 
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Curves of the Components of Concentration Polarization 
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where I,.   represents the limiting current for any 
Xizs. 

given      (&>*) The quantity k^  anoujcd  ue  a  constant* 

for a given sl«etrod»~electrclyte  system* 

The curves of  A?     vs.     I for the Integral function 

in eeuatian  {50)   «,vw  j-jugnX"? proportional  to the  curr«nt 

ddnsity ovor moderate current density and activity ranges, 

c.     Comparison with the data.   —In equation   (50) the 

second term may be written as   the difference of two 

logarithmss 

log   (ks*^   -:- k8I) -iogfr^-/ • 

if the polarisation due to ail other- t®zras is assumed 

an invariant.  A,  at constant current  density;  th« polajv, 

cation may be written thus: 

60) n 

ca  wrivTien  vnuss n 

i j' • n v _j 

Differentiating   y    with re spent  to lo/rfrvp-^one  obtains 

1 

Tr?  the  ran<*e •<?.:isre (C_. ) is  sauili and I large, 

tne   aioue P^i^A^J] 

—r* 
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should be -0.03 at constant current density.  When '-he 

data of Figure 27 are plotted on senuiogurithnic axes 

[Figure 26), a straight lino results for peroxide ion 

C-Concentrations brie-* approximately 0.4 I.i. Deviation from 

linearity occurs at higher concentrations. The slope 

is- -0.027 rather than -0.05.  This may be interpreted as 

due to t he neglect of other peroxide^ dependent terns., 

the presence of other current yielding processes in 

addition to the Berl process, or on increasing adverse 

effect ox" peroxide on activation polarizeticn. The 

equation for TTT^.   similarly yjelds a     limiting 

slope of 0.O3, 

The point of minimum polarization on the curve 

of Figure 26 is 25 mv. and represents the poiuiiiubion 

associatedwith ail other factors when the peroxide 

concentration polarization is zero.  If this value is 

subtracted from the ordinato value of each point in 

the curve of Figure 28 and the linear portion of the 

resultant curve extrapolated to^sro polarization, the 

intercept yields a peroxide cencantr^tion of approximate- 

ly 0.6 K,  This value is assurasd to he the concentration 

of peroxide existing at the interface of the particular 

alectrode in 5 W KOH at 10C ma./cm. ' The procedure used 

for obtaining this interface concentration in general. 

The initial slopes et  low current densities in 

Figures 21 and 2-5 provide an experimental check of the 

predictions of equation (57) which requires a tenfold 

! 

I __i 



J ret se In the increcs** m i^iie- slope for e&cu  r„ 

The dat,p. itidiCite c rou^h s©rr< : ?    ~ .  .i" tho mean 

activity or' the base. The higher lir--* - - ;.^ ~ui, .; .>.-.' *->*» 

in M KOK Is =r..-j.-«nolous In Ibis respect compare;! witto the 

5 P K0I1 in Figure 21,  The anomaly i? probably due to the 

resistivity effect discussed in the i-.,.t  section. In 

comparing the datn or Figure 25 with  iaory i£ is 

necessary to assu&e that the Berl mac v*ls& is applicable 

In acid solution. 

The initial slopes- at low curr&ij < anslty in 

Figure 22  and 23 indicate ss&aller sic- •: .; .. --.„ &,% 

Whiois possess a higher- activity than KaCZi and LiOH 

and (CBg)* NOII at stjw&l polarities.  For o  & OH" loss 

concent ration, tho mean activity coefficient of KOII is 

1*7 times  that of SaOh. 

The predictions of equation (57) for the ratios 

cf thft initial slopes with the variable H0»— ion 

concentration (activity coefficient assumed constant) 

are approximately fulfilled in the data of Figure 26, 

Simile? eorrcborat-Ion of equation (57) may be observed 

in the limiting slcpo ox ?!«!**•« Zl  for rrr^.^z  ojqrp^n 

pressure, 

Quantitative checks of limiting slopes due to 

ee.ch react ant may be made only when the slops component a 

due to othar terms are small or'eliminated, by calculation? 

based on concentration polarization theory. 

The first term or equation (00) may be written as 

a combination of throe tern? where 

: i 

! 4  
:Hi 
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62}    log     (l«-g^J        •=£ lo65f-£.   for Isx^-e 
ICJW   7 

63) logg*-~  2r -r- log  kT      — log(^-j- 10g(^-) 
'•<y*cit-/ • t 

Vtii •: ?( YM-}is  the  mean activity coefficient  of the alkali. 
. + 

V.'hf     two diff©rant cations   such as K    and Na    ~rc  ccr.?*1 ••«<*. 

tiits  c'if foresee  in M predicted by equation   (65) arises   from 

v / 

The date, of Figures (2£) and (S3) show slope3 approach- 

ing the parallel state at hif,n current densities, but the 

parallel distances are of the order of 2h K7* rather 

than 7 rzv.   for- K.Oil snd HaOIi.  K«,h&3 been assumed independ- 

ent of the concentration of base for this discussion.  A 

factor whicli has been neglected is that »  will depend 

on the ?rou of the electrode wetted by the reauBO'civo 

base*  Hesistive ©ff--jct-«» described in section 2 which 

follows are also important. 

If the last three terms are neglected, equation 

(50; predicts ft     at hi.-?h current densities should be 

/ 
alkaline concentration in question,  She difference in 

the curves of b U  NaoH and K.0H shoulc be a constant valua 
* 

according to ©qaeti.nn (G3) at hinh currents providing 

the other OK" dependent terms are negligible. This 

difference is 

In 5 molar alkali this is 

1 

?! 

-H- 
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sectl •:   pr-opert.ionaJ.  tc  the   lo"  of   th«  cu'-'-^r.t   ard the 

f     II !    11 c 

I 
i! curves of ;;   vs   I  r.hculd r*sejsVle  these  cl  Fir11 *'p  '"'?.-. 

Uo£t curves  are  straight,   however,  booaiise  of the  effect 

t jjf  v-ecr«r,B  invnlvir.P' the ox"r>~en vreil as the   resistivity 

effect  described in t;he next  .section. 
i 
• 

| It   is  iriters>stinr» t:o note that   in regions where 
* 
I the last three terms of equation (bO) may be n_e£l««>fc 
a 
| the slopo is given by 

\ 

Xr 

i 

6b?   ^'1  - -'^ 

which is independent of the activities of any soiute-3. 

* - ---=-2 ..- — X «*. .* I ,f*&  \ „i.      T«4 —V-  ^,? wnovtfr  r^a««^ TTT  ?-•*•*• 

slopea  are parallel  and aero. 

g 2f     .aeslativlty If feet 
•ft 

ft 
* 
3 Sone features of the polarization associated with 
i 
s the oxygen electrode raay be explained by the resistivity 
• 9 
| effect.  Gone of the pertinent phenomena which may be 

I 

densities above 50 ma./en, 

2. The polarization seerua i;o pas?, through & 

minimum valve at or near the maximum conductivity of 

the solution, 

3. The cathode decay traces are essentially flat 

at low currents but tend to decay considerably at 

nippier current densities. 

j 

connected with this effect are listed below. I * 

t-  A.;..C poiui*4iat-iCi'i curves crc linear a!, current • 
1 2 

11 i 
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Tho   f't?it  two  of  fche&*?   three  rectors   seem  to 

i 
i 

valuer*  This, however, should not be the case since 

ordinary Ifl drop phenomena asaocifrtod with polariza- \ 
i 

tioii me asm-erne nt 3  are   usually       Gliminated by the i 
' i 

i 

commutator technique for systems with uniform current j 
i 

density distributions  In the case of the carbon- j 

oxygen cathode a somev.'hat unique situulicn exists. / 

at low current densities sufficient active oxygon in 

present on the outer surface of the electrode to  supply 
i 

the n: adod depolarization.  When the current Is in- 

crecsed, this supply is exhausted and the electrolyte 

must penetrate into the carbon layer to obtain the 

oxygen required to support the current=  Under these 

conditions a number- of tic small oores in the carbon 
i 

become filled with the electrolyse.  The following j 

is a oossible explanation of these phenomena* j 
i 

In j?i£;ure 29 i* shevn a greatly simplified 

diagram of the oxygen-carbon olactrode and the sit- 

uation that is postulated to exist at low and hirirh 
! 

current densities,  fart 1 of this diagram above shows 

an idealised view of the electrode syater::^ while 

part 2  shows an enlarged ..'lew of one  pore with the 
i 

phenomenon may be explained as follows. 

If I** and Iifi ttre equal in the solid, electrode, then 
i 

points A and B are equlpotential.  R^, represents the l 
i 

*'*-' ^tu*"/,A  '"*£"  the  b"1_^ '*"  **i S C ^" **'%'^ "V^~ e  »ifV^4#%T^  3 c? --~*. Imlmn+'&rt }' 

'I 

•is 

! -r 
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lira the res?i?tive and capacL-^ive components associated 

with the electrode process occurring  at or near the 

external surface of the electrode.  R8 &K2 Ce are the 

electrical ccj/ip^nonts associated with polarization 

phenomena in the pores of the carbon and are of appreciable 

significance oi;Iy at high current densities, Rp is the 

real.stance of tho solution contained in the pores and 

varies with the concentration and nature of the alkalis 

.it- low current densities, the decay of the cathode 

truce is slight and tne polarization is low.  Under these 

conditions P.±  and 0X  function. As the ccrresnt density 

is increased,-, the polarization at A ri-jes due to the 

depletion of oxygen at the outer surface and tho impedance 

of I\r increases. At the same time the electrolyte begins 

to penetrate inbo the pore P due to eloctroeapillary 

action and reduced oxygen pressure and an appreciable 

current flows through Ra and P.n. 

In the idealized model the sum of the voltage drop 

acroes i>s and R^, will bo equal to that across K, 

providir"- R.< and T>- are 3SQenti?.lly s(£U&l-  hen th*; 

current is interrupted, the capacity of G2 will discharge 

through Ra and «D aa well as Rx a nd the effect is co 

Maintain the current through ?.y  for a short period of 

time after interruption.  3ince the polarization ii 

Pleasured within 1 isiorosee. after interruption, this 

values in the To mi of Jit drop ac roe s Rn 4  There i 3 reason 
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i 

sfetlon wli± show relatively SBIHII increments *lth 

increasing current denci"^ above 100 ma./CM, , ai.u 

hence, the linear pox-tlcns of the polarization curves 

will be due to the JR drop mentioned above.  Since the 

resistiir.cs of R_ depends on the e^nduc-i ivity of the 

electrolyte, the pseudo polarization, i.e. IF. drop, 

across itr »ill exhibit a minimum at the maximum con- 

ductivity of the solution* 

This same oapacative discharge through IU will 

cause a rounding off of the co.thodic decay curve 3 •- 

The effect becomes more significant at hir^h current 

densities since P.x becomes much larger. 

The decree of flat no«3 of the decay traco  s 

ordinarily a measure of the degree of reversibility 
27 

associated v; 1th the electrode process*   The electrode 

system may still be nearly reversible with respect to 

the Cjlectrocheisjical step over- at high current densities 

although the cathode trace may decay considerably due 

to the effect just Mentioned above* 

The relative flattening of the decny tract- of the 

cathorie whirr?! has been observed itfith the catalysed c«.i'bon 

Alocti-edes compared to i,ho non-'':ataIy^ed onf'S nay be 

ex.pltined by thin effect as follows.  The extra liberated 

oxygen resulting fro-: tie d^rer-.roaltlcn of peroxide de- 

c.~r Pfi.- th.ji ooic.rlzft.Ion associated with the external 

surfi.ee Livd  the r-v si stance   iu decret-aes.  As a 

C"7 
D.C. Orahame, -'.. j'hys. Cham., 57, 257  (19;;o). 

•i* 



fl 

•   u 

I 

1 
r 
I 
i 

U 
c 

3 
M 
& 

I 

I 

consequence of thin, less current flows through Rs 

and R„ and the total rei>iatunce of the discharge 

circuit for the condenser is less than before.  This 

lower resistance discharges the oendarser ff-ster than 

before and the decay cum'© become*- flatter* 

3. Activation Polarization 

The concent ret ion polarization »s~0"1nted with 

the active as rbci!-":-: vrun cathode h-s beer, 3hcvTZi to reach 

* minLnuia value by increasing tne bull: concentration <~>f 

perhydroxide ion.  IT the aomewh&t doubtful assumption is 

.-u-oe that the c concentration polarisation ia reduced to a 

norligible value by this procedure, then the residual 

pularizaticn should be due to activation polarization 

und the resistivity effect.  Figure 20 >,hov/s this 

residual polarization to be less than 25 rav. at a c.*r?«nt 

density of 100 laa^/cm,""  ><nen the data of Figure 2y sre 

plotted on sen "'logariti^T.ic ajtes, thc.ro is obtained a 

linear section (Figure 30) in the range from 5 to 50 

inu./em. '  Sinoe the length ox i-b.iw linear section is only 

one cycle, it io doubtful whether it represents (>.  true 

Tafel curve»  The slope of tho linear section is only 

C.Oi vshieh 1? rs~f?"M/»T< than t he value expected from usual 

Tafel curves.-  h£trupola'cIn-n of t,h9 linear section of 

figure oO to sere polarisation gives an exchange current 

of 4 TZ?. ;/cm -': whic>  • s indicative of a high dfigroo of 

reversibility and a correspondingly ~~.r  activation ;?:.crgy- 

It 13 reasonably evident that khe exchange current is 

•>J G~3 a  /Vr«". 

f5 
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The temperature coefficient of 0*5 nw./'C, wentioaea 

earlier, ia not n true activation polarisation coefficient 

duo to the teraper at tare dependence of other typas of 

polar l:sat ion. In addition, the resistivity effect ia also 

decreased •-? the increased conductivity of the electro!vta 

cause*! by vhe t«»r.p$rature increase. 

The shape of the catholic decay tracoe is closely 

related to the kln«3t-ics of the electrode process. The 

characteristics of cathodic decay traces have been previously 

discussed. For an wlectrodo which has both activation an<? 

concentration polarisation component; s» *~\t  r•lipi', exponential 

decay iay be duty to the activation ?o!!«ri ?.=tior:« «aile the 

flatter slow decaying section may bs caused, by the concen- 

tration polarisation.  Since the resistivity effect like- 

vise causes z   -apid exponential fail of the decay traces, 

the separation of activation end resistivity efl'ects by 

observation of cathodic decay traces may be difficult. The 

apparent decrease in the reversibility at high cur-rer.t 

densities as evidenced by the laa^sasins decay rates has 

beon discussod under ihw resistivity effects 

The Berl -" mechanism may be divided into several 

stages,, any cf which may be tha ulow 'process causing the 

activation pclurlaaticn associated with the reduction of 

oxygen to p^r-oxlda in basic solution* 

i 
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Q )     LVJO  ri-'.'rt  of  sorption of  oxygen. 

b) The  fcr><nafer of a  ...rot on  to  Ibo adsorbed 

oivycsn 

1"*     i-'rot; a hydra ted ion, 

P.)    From a wator molecule   itself. 

c) The   rate  of doscrptior: of  the  peroxide 

complex fro;! the- electrode  sile. 

a - _- •''rs:?.  rate  <~g   3orption ox" uA.Vi'rei; 

treatment  or the  rate  of oxygen  -sorptlon ;.s  the  slow 

process   U3SU.T.C3   thf't-   the  y».-it.ft   "t   which current   "lows   is 

proportional   to the  rote  at  which  oxyper. ndcr-'les  are 

scrbod onthe  altos*     The   electronheruC&l  potential 

Is  proportional   to   the  lo.t;..rithrn of the  ratio  of  the 

„„.,..„   J, „1 • ^ ; 

s 

• 

Thus it follows that 
/Pf        Si 

where E° is a constant fcr tie elect rode nrTiv  -, t,ho 

number of sit-os occupied under reversible conditions, 

and ll  is the total number of sites available.  It la 

assumed that rho oxygen complex st-inds up on end from 

t:!e Bite ana that adsorption r>n one site dose not 

influence the potential enerby of neighboring: altos.,  j[j- 

»-.".'e 4 c a  in such u fashion that two 

« 
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riBi,-fiboiinr sites ?.re required,, the ratic ; ° raissu 

tc the power of !:."•:•• «n equation (C7)«  Under dynamic 

conditions, in & stead;,* stale, the number cf sites 

£ - c°- /<T 0 AH, 

I   is   related to   the  sox'ption proccs; The net  current 

by  the  equation 

60) I -£cJ(P0ji)<H-n)  -k,  rn;   , 

where 1:.  and L* aie constants,    Cctnblrmtion of (67},   (68),  and 

07; yioia* 

—- /     k (k PA/- j-) 
/.. ^/«. 1 

If the fraction of the sites occupied is assumed to be small, 

equation (70) aimplifj 3 to 

*=1 
! 

• 1 

« i 

all 

A 

Is     I*AS 

SIS 
tii 

. 5? a 

1      x-1* 

'•/hsn /*•_. spprcacft.es r« , the term (Nk.,«T) onpr'.-i^^hfs ssro in 

equation (70) and the polarization goes to infimity. 

a 



. 

- 

i 
3 

T 

jtifc 

B 

Transfor 

1J-7 

; rot one. —It is nc&dlbie thee the 

-1 

. i 
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molecule itself could be the slow process causing the 

activation polarisation. The transfer cf t proton from a 

water molecule involves ubout 5 to 10 'ccal. of energy* 

The abstraction of s. proton from a hyarntad ioa require? 

leao than this aaount. Th» eose with -shier, a proton is 

removed from e. hyrtnted positive ion is dependent on the 

charge cf the ion, the radius of the ion, and the nuciber 

Of water molecules in the hydrvil-~0 atmosphere.  The 

differences in polarization which have, beer r.b*fti*ved 

between M0Ep KuOH. and rOii are rutte small. (Cf^)4 N03 

has a considerably bip,her polarisation, however, 

than the alkali metal hydroxides for th«? i>n«n« concen- 

trations of base.  This bj.se Luu a saallcr potent:' I 

energy of interaction between the v;cter* molecules and 

the positive ion than the ut'era mentioned above. 

c.  Desorptjon of the peroxide complex. —The 

rtite at which the psrhydroxlde complex dosorbs from the 

surface is dependent en the stability of the adsorbed 

• •- ./'"w ?**•  n'u^ <T. c\;-.;.* i -* j--.* i 2 " ^^rc*ti o^ of thti is^r^e of 

h'/ui'a'cJor. of the complex, the concent)'a. v<iCi'. oi" iV.j.i;aii 

in •*:'"-:-- v" Mnity of th* sito, and mo electric f:^"!d. 

The rate of dtsio notion of th* .onplex is probably 

er.p^no.itiully proportional to tna polarisation. 

/ 
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In conclusion, the amount of activation cnurpjy 

associated wit--, t'-.o electrochemical redi>cv.ion or 

QAvrori bo ;;i.i'0^iuo at highly activated carbon ylectredo* 

in bosio solution is Quite soi&ll,  Ths lsr~o number of 

otl.er factors obscure th^ truo activ&tioii polarisation 

so that 2 quantitative evaluation Is not possible 

with l.he uviiiiabie data* 

!•'.  The Gxyren licetrode in Acid and 
Neutral Solution 

combination of duty fro;.'. LC   i.-iUaaul'ui  eiltb   in 

a: 

s 

b^-sie   solution with  static  potential?,   obtained  during 

polarisation m&asurersf*iits   I/i  neutral   end  acid  medic 

are  chov;r. In i:ir-arc 40.     This  figure  Knows  that  tre 

slop>=  oT uL/upII   it   constant   jcroxide  concentration ;ind 

oxygen partial  pressure  char.-cc  fron 0.03   to  0,05 below 

p\i 1? 

Fromtha eo.naiil nr  f-.~r the  redaction of vjey^en 

to pevoxidti  i«j basic   solution 

one   ObtstiiiS   ir:  acid  solution  by  t%"*>  addition  of  two 

hydrogen  ions  to eac:-   aide  of the  reaction 

'••8"fi 

The  NeiTiSt  -.equation for this half cell   reaction  is 
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which should nive  a   Slope   of  -Q,Ch9  for dL/dpC,   +0.05 

T1^**    gT-ne t»-'t ^*nwf nl r-.._    _•;»-> 'a *  J        r\    n"7.     f»„,»    /<T.   /At., n 

Slope   in  acid  solution  la     -o.'Jb for dk/dpH as  previously 

seated;  the other factors  remain to  be confirmed, 

Hordffprth a wd  **3t-tincla       reoort  that   the   static 

potentials  of tha  oxygen electrode  exhibit  sluggish 

•I »•%      *• <r\#i      /"* M*-^r«»i or tero  respo*iS5  tc  cna:.--j~   m !,r;e  cxy^en  ;;nj*tif*i   'r.'"'fl3j;;re 

ac  pF values below  '3,     "he  results  are  subject  tc  r.oma 

doubt  ?'-'re no  per'ox.id© control  was riaint.ai.ned*     -I'.oi' 

workers have  intinateti that-   i\<v  dynamic   oxygen el&ctrc-ae 

(]oT-.r.rtr.   T"*»o!ni  rove t*n* bl-i   behavior fit   low  pH, 

Causes of  insensitlvlty to variable  oxygen 

pressure »aav bo  the  pre don ± nance  of  electrode  reactions 
15 

and of mechanism.-, other than that of t'-erl  *  r'or 

exaiiiple, th3 Biatzier  mechanism Inwoivlnp, the depolar- 

ization of adsorbed nascent hydrogen by oxygen may be 

responsible for the majority of the electrode processes. 

Tht; ciesorpti'.ui if nascent k.ydrcren fror, the oite by a 

chemical r^s-tic-r. with oxygen may ee rapid comp»r««! with 

tht; rate of the electrochemical raactlon of forrn tion 

of nascent hydrogen.  Increuawu activity of oxygen under 

nu-s.h  ei reams tanc.'S could c. 

in the potential. 
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3.31 

A possible explanation for the bohavirs.- of t2:x: 

oxygen cathode in neutral and acid media :n&y be co- 

PS 
duced fron the work cf .-inslov" cn th«? sorption of 

acidii !,,y =,vlj.-.".; c;•-.:••:cr.:i and the oxidizing power of 

these carbons it-  tho prc-^r-^e of cxr^syi. This author 

postulated the active oxygen as beinn present in the 

form of a per'Acidic r?ther than pero::idi~ conplcx* 

This wua evidenced hy *r-he fact that bh-2 complex would 

not reduce pem..r:'-unate at: would u peroxide li';o struc- 

If' the active o;."7nen were present in the form cf this 

peraciuic complex at the cxy.~cr. csthode i o fceid solution, 

the sWulifcv of this for.~ would be /^re. ter Thanttiw 

normal physically adsorbed oxygen and a higher activa- 

ticn ~-~er,;y v.i_u2 d bo required for its rndijctfon. 

^he changes ir. ths behavior of the electrode with 

decreasing pK would be explained by th« amount of oxygen 

v/nir.v^ «ir»»o rt hps pj-oaent in she perae-idic complex as 

compared to the physically adsorbed material,  At hi£" 

acid concentrations practically all t;-e o>:;/r:en present 

on the Carbon wou?d he in the poracidie form* 

ii.     Fu'i~A\r-e   -oi'lc 

1 i 

:l 

i H    x y«>     t>U{J>^tJb"uj.C. lo    .-. Ol'    .kUCU.L'y    »<"l-r.    Jii    Out;    OAV'^tJii 

sloctrcde will he tia.de  under   the follo-,vir.~  clu^sifi- 

« 
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\ )     Dtr.tic Ttir.-s-i1 ipeasst-S 

2)     Dynastic nwuaurercenta 

3*     Isotonic   tracer  studies 

1.    Static  Sia«.s;ir6?ioiita 

A  series of static measurements  in »vfcich the  poten- 

tials  of  active' carbon and e^taiyzca active carbon 

electrodes are  studied us  functions  of  oxygen partial 

pressure;  and  .:j; oxide  concentration at  pK  values below 7, 

would  be  of v&lvc  in dofceT-.1inj.n2  the STiCChttnisn of theoe 

sleetrodos in acid media* 

\   rf^e^t variet"  of work  rer,iai.?is   tn  ***»  finne with 

dynamic measurements  on the oxygen electrode. 

a. A ^'.iH  t-itati'/e  rcl'tier-ship brt^aen  siurf-£9 

area ami polarisation would bo valuable. 

b. The dlf f oreiicw  between t ne amount  of  oxygen 

adsorbed by a carbor.and the  quantity available   for 

elGctrocbemicai   reduction   should  be measured. 

d..     Th-;  s^fect of decreased netlvifc;/ of wuter Mrht 

b« moro  clearly  shown by us«n, an inert rn-'tlerial  SVOIJ 

f J <i      if?*!    ".' •' •". v~»<r        S   . v ;r> i-Ji* /^ **.       *••*••*        .    .«*  *»t|4*»»       «-*•*'*      — j < i *• ^ -*^        "  f»       4- *.- £k       O "i   Q /"* t" *">0« 
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o^ TIM» effects of  varying cxyrsr- pcrils.1 preas^irc 
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the arsc>mt of  activation polarifcation present. 

f,  A mathematical theory of the resistivity 

quantitative treatment ci" this factor. 
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ft 
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5.  Isctopic Tracer ^tudiefj 

<•. study of the c*yf;en electrode using oxy?;er. 
1 ft 

enriched with 0  a-s the depolarizing material would 

be useful in studying the kinetics of this electrode. 
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